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COAL GEOLOGY AND THE COAL INDUSTRY! 
GILBERT H. CADY 


ABSTRACT 


The more important changes in the American coal industry during the 
past fifty years have been brought about through the increasing reliance 
upon mechanization, automation, and management. The changes have 
been made possible mainly by industrial research, experimentation, and 
testing, particularly in the fields of mechanical engineering, preparation, 
and utilization, and by concentration of management. Paralleling such 
investigations, particularly in government laboratories and geological sur- 
veys, have been investigations that concern the mapping and evaluation of 
resources, on the one hand, and those that concern the basic physical con- 
stitution of coal, on the other. The growing pressure being exerted on 
the already occupied coal reserves, particularly in the eastern part of the 
country, makes of constantly increasing importance a knowledge of the 
remaining resources. The increasing use of mechanical methods of min- 
ing, accompanied by the increasing production of finer and finer sizes 
and the attendant increase in mineral impurities in such coal, makes auto- 
matic cleaning increasingly essential. It is obvious that these two tenden- 
cies approach a condition of diminishing return in terms of ash reduction 
alone. In the petrographic heterogeneity of coal established by coal 
petrology, there resides the possibility of more discriminating refinement 
in preparation than has yet been achieved, particularly with the lower 
rank bituminous coals. Thus both the study of coal resources and of 
coal petrology may be rightly included in the general field of applied or 
economic geology. 


I assuME that the Society has honored me with election to my present office 
mainly as a representative of that relatively small but virile group of the 
Society designated as the coal geologists or coal geochemists. Although this 
group may be small it represents the geological phase of one of the most im- 
portant of our mineral resources. It is appropriate to emphasize the great 
importance of this resource, not only in contributing to our physical comfort 


1 Presidential Address, presented at the Annual Meeting of the Society of Economic 
Geologists, November 6, 1957. 
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and well being but also in supporting many of the activities of modern civiliza- 
tion that provide occasion for the services of a much larger group of economic 
geologists concerned with the discovery, mapping, and development of metallic 
and industrial minerals. 

From time to time, therefore, some statement is desirable in explanation 
of the relationship and importance of coal geology to the coal industry, since 
coal geologists do not appear to have such an opportunity more than about 
once in a decade. It was nearly 10 years ago that Dr. Ashley presented the 
last Presidential Address of a coal geologist. 

Such a statement may also serve to provide the membership with a some- 
what better understanding of the nature and scope of coal geology and to 
strengthen any wavering confidence in the wisdom of the selection of such a 
branch of geology, which seems so little esteemed in the academic field, for 
life-time professional activity. Coal geologists are rarely, if ever, the direct 
product of academic training. The decision to enter this field of geology is 
usually the result of chance experience during the first years of field training. 
Why this decision is ever made is considerable of a mystery, but that it some- 
times happens we have tangible evidence. Certainly there is no well laid out 
path into the profession. To the individual who has made this decision may I 
take occasion to point to the Coal Group (GSA), a child of our own Society, as 
an organization that will offer encouragement and support for those entering 
this branch of geological science. 

In the ensuing discussion I will first point out the general nature of the 
important changes that have taken place in the American bituminous coal 
industry during the past fifty years, as indicated by statistical data obtained 
from the government publications and a booklet published by the National 
Coal Association (NCA) in 1956 entitled “Bituminous Coal Trends.” I do 
this because the nature of these changes has a direct bearing on the importance 
of coal geology and the nature of its applications particularly for the future. 

This statement will be followed by a consideration of the character of the 
research activities whereby the changes have been achieved and the general 
position of geological research among these activities. This relates particu- 
larly to the two fields of coal resources investigations and coal petrology, which 
are of most immediate importance to the coal industry. 


CHANGES IN THE BITUMINOUS COAL INDUSTRY SINCE 1905 


The production of bituminous coal and lignite in the United States has 
increased from about 315 million tons in 1905 to 464 million tons in 1955, 
or about 50 percent above the 1905 production, with a maximum annual pro- 
duction in 1947 of over 630 million tons. Anthracite during the same fifty 
years declined from 78 to 44 million tons. 

There have been many other important changes: the average price of 
bituminous coal has risen, but discontinuously, from $1.06 in 1905 to $4.49 
in 1955, that is over $3.00 per ton. This is about twice the general increase 
in commodity prices since 1905, but only partly reflects the increase in miners’ 
wages, which have increased in the order of four times. 
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The man-power required to produce the coal, however, has declined from 
460,909 employees in 1905 to 225,093 in 1955. Most of this decline has 
taken place since 1950 when there were still 415,000 employees. Thus the 
number of employees has declined nearly 50 percent in the last 5 years. 

There was essentially no mechanical mining before as late as 1923 (0.3 
percent), since which time it has increased until now 85.5 percent of the coal 
is machine mined. Strip mining which started in 1915 with 0.6 percent of 
the total coal mined has increased to about 25 percent by 1955. The effect 
of this and other mechanization has been an increase in per day production 
of the individual miner from 3.4 tons per man day in 1905 to three times that 
amount (9.84 tons) by 1955. 

Parallel changes have taken place in the markets. In 1905 bituminous 
coal and lignite represented 70.1 percent of the energy produced from fuels 
plus water power (NCA, p. 26) ; anthracite 18.4 percent; petroleum 4.7 per- 
cent; gas 3.2 percent; and water power 3.2 percent. In 1955 the corre- 
sponding figures were bituminous coal and lignite 31.6 percent; anthracite 
1.7 percent; petroleum 37 percent; natural gas 26 percent; and water power 
3.7 percent. 

The change in the pattern of coal utilization has been equally remarkable, 
as may be seen by comparing figures for as late as 1933 with those for 1955 
(NCA). The use of coal by the electric power utilities has increased from 
27 to nearly 113 million tons, in spite of the fact that a ton of coal in 1955 
produced more than 3 times the electric energy as the same weight in 1920 
(3 pounds per KWH in 1920—0.99 pounds per KWH in 1954). The use 
of bituminous coal by the railroads has declined from a high of 132 million 
tons in 1945 to only 27 million tons in 1955 (NCA, p. 39); the use of bitu- 
minous coal in by-product coke ovens has increased from 38 to more than 104 
million tons during the same period. Retail deliveries declined from a maxi- 
mum of 125 million tons (1944) to less than half that amount (61 million tons) 
in 1955. These data represent the greatest changes and the largest classes 
of users in the market. The railroads and domestic markets have suffered 
the greatest declines because of the increase in the use of fuel oil by the rail- 
roads and of fuel oil and natural gas by the householder. 

Industrial utilization has not changed a great deal, so that the chief reliance 
of the coal mining industry now rests upon the utilities and general industrial 
utilization, particularly the steel industry. This change in the character of 
the market has been accompanied and to a large extent has been made possible 
by, and been responsible for, important changes in coal mining and coal prepa- 
ration procedures. Thus, nearly five times as much coal was crushed to fine 
size, or originally produced in fine sizes, in 1955 as in 1940 (161 compared 
with 35 million tons). Furthermore, a good deal of the coal crushed at the 
mines is further reduced in size at the place of utilization. 

This increase in the use and production of coal in fine sizes has been 
accompanied by a number of parallel changes in mining and preparation opera- 
tions. Thus only 5.3 percent of the coal produced in 1927 was mechanically 
cleaned ; this percentage had increased to 58.7 percent in 1955. Largely be- 
cause of the decrease in the importance of railroad and domestic coal, together 
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with the increase in the use of stokers in various types of installations, the 
production of lump coal has largely ceased. 

Likewise, there has been a great expansion in the use of mechanical 
methods of mining. For the present purpose it is unimportant which was 
cause and which effect, but certainly unless combustion engineers had demon- 
strated the advantages of burning coal in powdered form, the modern types 
of mining machines could scarcely have acquired their present importance. 

Since 1905 the amount of coal cut by machines has increased from 32.8 
to 88.1 percent, and that mechanically loaded from 0.3 percent in 1923 to 
85.4 percent in 1955. The “continuous miners” were introduced between 
1945 and 1950. By 1950 there were 3,143 such machines reported in opera- 
tion, and, by 1955, 11,830 such machines produced about 8 percent of the 
bituminous coal (7,460,204 tons). Auger mining has also become feasible 
with the increased demand for fine coal, and more than 6 million tons of coal 
were produced by this method in 1955. 

Summarizing these data, and adding a few other points, the following 
outstanding trends of the coal industry during the past fifty years are ap- 
parent: a great decline in the number of mines and mining companies; a 
great decrease in the number of employees; a large increase in the production 
per man-day; a considerable increase in the amount of bituminous coal and 
lignite produced ; extensive mechanization of the mining operations both above 
and below ground; great advances in the means and methods of transporta- 
tion of the coal from the face to the preparation plant; and a great increase 
in the production of fine coal which is usually accompanied by an increase 
in the mineral matter content of the mechanically produced coal, making neces- 
sary a large increase in the amount of coal mechanically cleaned. 

Thus the bituminous coal industry, like many other industries, particularly 
within the past 10 years has placed increasing emphasis upon mechanization, 
automation, and management. The trend has been stimulated by the com- 
petitive necessity of keeping the price of coal down to where it can successfully 
compete with other sources of energy, in spite of the constantly increasing 
cost of labor and equipment. The general result has been to eliminate mining 
practiced as an art and establish it as an engineering and mechanical process. 
The outstanding change has been the reduction in the size of the coal as 
prepared for sale and use. 


RESEARCH ACTIVITIES 


These changes in the methods of mining, preparation, and utilization of 
coal have not been spontaneous, or simply a matter of growth. They are 
interrelated, and the particular type of change that has taken place and the 
equipment and processes that have been adopted have resulted from changes 
in the utilization practices, from exploratory and experimental testing, con- 
ventional promotion, and from experience gained by trial and error. Thus 
the loss of markets for lump coal and the parallel enlargement of the small 
coal market was a fortuitous but more or less unforeseen combination of cir- 
cumstances greatly to the advantage of automatic mining, loading, and trans- 


= 
te > 


COAL GEOLOGY AND THE COAL INDUSTRY 


portation machinery that handled small size coal most advantageously, 
made necessary greater dependence upon cleaning process for the production 
of low ash and low sulfur coal. 

All such exploratory and testing operations in mining, preparation, and 
various forms of utilization fall into the category of research in the eyes of 
management as represented by such groups as the National Coal Ass ciation, 
various operators’ associations and Coal Mining Institutes scattered through- 
out the country. 

The coal mining industry has, of course, been most acutely conscious of 
the problems that concern coal production and coal utilization, yet it has not 
been unaware of the importance of an understanding of the fundamental facts 
in regard to coal occurrence and availability and in regard to the physical and 
chemical nature of the coal itself. 

The coal industry is well aware of the fact that it is an extractive industry 
and that it must be ready to substitute new supplies of coal for those being 
lost by mining, with the hope that the quality and availability of the new 
supplies will be as good or better than those lost by extraction. Likewise, 
although the interest is more or less incidental, there is an undercurrent of 
interest in the fundamental character and composition of coal because of a 
realization of its complexity and its inherent capacity of springing surprises in 
the way of methods of utilization upon the industry. 


TABLE 1 


SUMMARY OF CoaL RESEARCH BY TYPE OF Stupy 
1955* 


Expenditure Man 


Dollars Percent Number Percent 
Coal resources 1,478,600 
Mining 3,038,700 
Preparation 606,400 45 
Storage and transportation 97,900 0 5 
Combustion 1,121,800 6 42 
Coke and chemicals 5,435,400 31 | 273 
Gasification of coal 2,517,900 14.5 | 91 
Coal hydrogenation 2,080,100 12.0 | 93 
Physical and chemical properties 1,005,600 5.8 68 


| 
| 
- 


187 
17 140 
3 


| 
| 
| 
| 


17,382,400 100.0 | 944 100.0 


* Bituminous coal trends: National Coal Association 1956, p. 139. 


Contributed by: 
Dollars 
Federal agencies 4,863,737 
State agencies 579,727 
Commercial coal 2,452,284 
Captive coal 1,206,888 
Equipment manufacturers 3,220,810 
Other industrial 4,954,954 
University and unidentified 104,000 
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The general character of coal research as it is viewed by the National 
Coal Association, which is management, is indicated by the information con- 
tained in Table 1 (NCA, p. 139). 

This and other information provided by the National Coal Association 
show that the main research emphasis (64.2 percent) is in the field of utili- 
zation, that is carbonization, gasification, combustion, and hydrogenation. 
Carbonization concerns about one-quarter of the cost of the projects upon 
which the tabulation is based, and nearly 30 percent of the personnel. Fur- 
thermore it is the only field in which federal, state, university agencies, and 
research institutions have all been engaged. 

In the field of mining and transportation the research and testing activities 
represent about 21.5 percent of the total outlay for research. The projects 
in this field have been largely the concern of research institutions and industry, 
although the universities are working on problems of continuous mining and 
roof control and the federal government is making a study of auger mining. 

Only two of the nine classes of research listed appear to be related to 
coal geology, namely the two designated Coal Resources and Physical and 
Chemical Properties. The last item, however, refers mainly to activities 
concerned with sampling and analysis, much probably of a routine character. 
It is possible that the carbonization studies (coke and chemicals) may include 
certain studies involving the relation of coal petrology to carbonization under- 
way in the Coal Research Section of the College of Mineral Industries, the 
Pennsylvania State University, under the direction of William Spackman, Jr., 
in part supported by industry. In general, however, we are chiefly concerned 
with investigations of geological character that represent an expenditure of 
nearly $1144 million and the activities of 187 professional individuals repre- 
senting 8.5 percent of the funds and 198 percent of the man power devoted 
to all coal research. 

Since the National Coal Association specifically differentiates coal resources 
studies, in its classification of coal research activities, from the several cate- 
gories of applied research dealing with mining and utilization it becomes 
pertinent to inquire into the nature of these activities, their character not being 
immediately apparent. 


COAL GEOLOGY AS AN ASPECT OF COAL RESEARCH 


The geological investigations which are included under the heading of 
Coal Resources in Table 1 consist of two fields of geological activity: coal 
resources investigations and investigations in the field of “coal petrology, 
geology, and other earth sciences as applied to resources” (NCA, p. 45). This 
subdivision is a natural one, and is in accordance with the general practice 
in geological surveys under state or federal jurisdiction. One field has to 
do with the discovery, mapping, distribution, thickness, and minability of the 
coal beds, and the quality of the coal contained therein, as determined by the 
conventional methods of face sampling and chemical analysis. The other 
branch is concerned with the coal material itself, rather than as a coal bed, 
that is with its origin, physical constitution and structure. 
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Coal Resource Studies——A little more than $1 million was used in 1955 
by federal and state governments, universities and research institutions in coal 
resource studies, including an unspecified amount used in the study of trace 
elements of various kinds found in coal beds. Probably the greater number 
of the individuals counted are employees of federal and state geological sur- 
veys who are mapping the outcrops and structure of coal beds and making 
determinations of coal reserves. 

The emphasis placed upon this type of geological work is understandable, 
for there is increasing need for the best possible knowledge concerning the 
location, quality, and availability of our bituminous coal resources. Coal 
geology of this kind absorbs much the larger proportion of the funds assigned 
to the general field of coal geology. Unfortunately it seems to be the general 
idea that this type of work does not require a great deal of special training 
or instruction. Accordingly there are commonly assigned to work in this 
field young men recently from college with little or no special training other 
than in the field of general geology. It is usually the case that after a little 
field experience and with good supervision in a short time they may become 
competent to map easily recognizable sedimentary horizons, coal beds or 
otherwise, and to work out structural features presenting no unusual difficul- 
ties. Not uncommonly such a young geologist is more troubled with prob- 
lems of field transportation and maintenance than with mapping or description 
of the coal bed itself. Lacking suitable instruction, too frequently the nature 
of variations to which the coal bed is subject is little understood and inade- 
quately or entirely unrecorded. Variations in roof and floor and the signifi- 
cance of stratigraphic variations affecting the associated rocks which may 
mean much in their effect upon ease of recovery of the coal may be entirely 
overlooked. Particularly, it is often the case that an understanding of the 
structural or constitutional make-up is lacking, upon which knowledge alone 
a suitable description of a coal bed can be based, to say nothing of the ability 
to use the fossil plant components of the coal as a means of solving problems 
of stratigraphic correlation. 

This idea that experience in coal geology is sort of an initiating procedure 
in geological training is due for a change. The long prevailing idea of the 
relative unimportance of the mapping of coal resources to the coal industry, 
which can possibly be largely ascribed to the supposed inexhaustibility and 
ready availability of supplies of good coal no longer holds true. From the 
experiences of the coal industry, public utilities, steel and aluminum companies, 
and others in locating large bodies of workable coal as reserve supplies, it is 
being realized that such coal must be geographically well located and possess 
desirable geological and chemical characteristics. With the increasing speci- 
ficity of requirements for each particular type of utilization and installation the 
search for suitable bodies of coal is becoming increasingly rigorous. I believe 
that schools and colleges, particularly those located in or adjacent to the bitu- 
minous coal fields, should consider this situation in planning curricula. It 
seems doubtful whether the conventional courses in economic geology in most 
cases provide the necessary instruction about coal and coal beds to equip an 


518 GILBERT H. CADY 


individual with training and knowledge necessary for the correct evaluation 
of a particular coal deposit. 

Coal Petrology—We may now turn to a consideration of the other phase 
of coal geology which is somewhat more adventurous in character because of 
its relative novelty and the general lack of understanding of its significance 
in the field of applied or economic geology. 

The science of Coal Petrology is like that type of construction, to which 
writers have more or less frequently referred, with two teams of architects, 
one team building from the roof down and the other from the ground upward. 
The two schools of coal science, that is the architectural teams, to which ref- 
erence is made are the American school of Coal Microscopists, which follows 
the system of description and nomenclature marked out by Reinhardt Thiessen, 
and the European school of Coal Petrologists that recognizes Marie Stopes 
as its leader. The first, or American, group is building on a foundation of 
painstaking study of the coalified fossil plant material present in coal. The 
main elements of construction are the microscopically identifiable constituents 
anthraxylon, translucent and opaque attritus and the uniquely coalified sub- 
stance fusain, and the numerous plant organs, secretions, and derivatives 
sometimes called phyterals, such as bark, wood, spores, cuticles, or resin 
bodies, identifiable as plant fossils. 

The European group of coal petrologists, on the other hand, prefer basic 
subdivisions of coal material as such, which are readily recognizable with the 
unaided eye in bituminous coals as the four banded ingredients now called 
lithotypes or rock types, vitrain, clarain, durain and fusain. It is from this 
over-riding subdivision of coal material that the coal petrologists have extended 
downward a science structure that reaches toward but does not quite match 
with that being built upward by the coal microscopists. Fusain seems to be 
the one construction beam which both systems have in common, and it does 
not provide much leverage for the good correlation of the two systems of 
construction. 

One of the reasons for the more or less independent development of these 
two schools of coal petrology and coal microscopy resides in the prevailing use 
by the American coal microscopists of thin sections of coal viewed in trans- 
mitted light, and the predominant use by European coal petrologists of polished 
surfaces of coal viewed in reflected light. General substitution by European 
coal technologists of the polished surface for the thin section method may at 
least in part be ascribed to the discovery that the use of oil immersion objec- 
tives effected resolution of the reflected image to a degree that made unnec- 
essary the preparation of thin sections for most of the practical applications 
of coal petrology. 

Microscopic resolution of the four lithotypes or rock types of coal recog- 
nized by the European school into constituent parts was, of course, inevitable. 
This resolution resulted, however, not so much in the recognition of fossil 
plant forms, organs, and secretions as in recognition of varieties of coal or 
macerals. The macerals compose the lithotypes in a manner similar to min- 
erals in inorganic rocks. Thus the emphasis was on the designation of the 
maceral as a particular variety of coal material rather than as a fossil entity. 
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To make provision for the various proportions of the macerals composing 
the different varieties of bituminous coal a fairly complicated system of classi- 
fication and nomenclature has been devised. In order to simplify the classifi- 
cation and description, particularly in the field of applied petrology there has 
developed a simplified system attained by combining certain macerals of similar 
general characteristics into groups. Thus, in the last few years three groups 
of macerals or group macerals are regarded as representing in general the 
three varieties of material composing bituminous coal. These are the humic 
type of maceral represented by vitrinite and constituting that part of coal 
derived from woody substances ; the bituminous type of coal material or exinite 
consisting of that part of the coal composed of waxy and resinous substances ; 
and finally the macerals of high carbon content represented by fusain and other 
opaque or nearly opaque material and designated by a variety of names such 
as micrinite, inertinite, and carbinite. This system of group maceral classifi- 
cation and nomenclature has been put into use in many foreign countries as 
a means of describing and classifying coal material for practical purposes. 
It has several advantages in its favor: It is relatively simple, the varieties of 
coal material are grouped into three categories of more or less distinctive 
properties ; and the composition of a coal in terms of the group macerals can 
be readily indicated on a ternary chart. There is nothing strictly comparable 
to such an arrangement in the American system of coal microscopy. There 
still remains some question, however, whether the simplicity of classification 
imposed by the group maceral system adequately represents the complete 
range of possible variability. 

The European coal petrologists have been striving to internationalize the 
language of coal petrology, particularly with respect to the applied aspects of 
the science and to provide a glossary of coal description of an international 
character. This activity has been underway since the formation of the Inter- 
national Committee on Coal Petrology at the last Conference on Carboniferous 
Stratigraphy at Heerlen in 1953, in which committee American representatives 
have had some part. These efforts will presumably soon bear fruit in the 
publication of the first edition of the glossary consisting of about 40 terms 
during the coming winter. This achievement will, however, not resolve all 
the difficulties in terminology and definition in terminology, definition, and 
concepts separating the European coal petrology and American coal micros- 
copy in the construction of a unified science of coal petrology. 


APPLICATION 


OF 


COAL PETROLOGY TO THE COAL INDUSTRY 


The lack of complete agreement, accompanied by some misunderstanding 
and confusion, existing between the American and European groups of coal 
microscopists and petrologists should not distract our attention from and dis- 
courage recognition of the practical importance of the state of physical hetero- 
geneity existing in coal, whatever the components or constituents are called. 
The fact of this heterogeneity exists, whether it is expressed in terms of 
plant parts of phyterals, or in terms of coal components or macerals. For 
about forty years the literature of coal geology has contained many references 
to the physical heterogeneity of coal, until now the idea is generally accepted. 
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The part this knowledge may play in the operation of the American 
bituminous coal industry is, at least, indicated by the application of coal 
microscopy to the selection and blending of coal in the manufacture of metal- 
lurgical coke, particularly in European countries. Similar applications are 
now under investigation in several coal petrology and coal geology laboratories 
in this country and Canada. 

The possibility of still further application is to my mind strongly suggested 
by the situation in which the bituminous coal industry finds itself in the field 
of coal preparation, the tendencies in which have already been indicated. 
The increase in the production of fine coal together with the mechanization of 
mining operations has enhanced the importance of cleaning processes in order 
to produce coal of low ash content. Eventually, I believe, this trend will 
reach a limit of practical achievement in the improvement of such fine coal 
in terms of ash content. However, in the fineness of the coal and in the 
heterogeneity of its petrographic composition there exists further possibilities 
of modification and in the preparation of coals of specific type. 

Within the past two or three years the possibility of separating coals of 
high and medium volatile rank into three predominant types of coal material, 
vitrinite, exinite, and micrinite, when finely pulverized, seems to have been 
successfully demonstrated in several laboratories in Europe, particularly at 
Aachen and Essen in Germany, and in Geleen in the Netherlands. Con- 
centrations demonstrated by microscopic examination to be above 90 percent 
have been achieved for each type of material in quantities adequate to provide 
material for chemical and physical tests. Although it was found that dif- 
ferences among the maceral groups tend to fade out in the higher rank coals, 
they are very real in the medium and particularly in the high volatile coals 
such as those that form the greater part of the production of bituminous coal 
from American mines. In view of what appears to be a steady trend toward 
an increase in the production of fine sizes of coal, the lesson of coal petrology 
points to the eventual utilization of this science in the production of special 
types of coal by existing or more refined methods of preparation, but prepared 
under petrographic laboratory control. 

To believe that the possibility of this sort of change in the nature of the 
preparation of coal resides by nature in the coal industry would reveal a lack 
of understanding of the manner in which changes take place in this industry. 
In most cases they are in response to changes in the market. Hence in this 
case likewise the market probably must be modified into forms that emphasize 
the importance in utilization practices of variations in coal type owing to the 
specific concentrations or reductions in the petrographic components. This 
eventuality, if realized, must wait demonstration supplied initially by academic 
and other fundamentally scientific laboratories sufficiently interested to explore 
the possibilities of the field not only along lines being followed by our col- 
leagues overseas but with a true spirit of exploration and research. 
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ABSTRACT 


Several uranium complex ions have been found to be stable over a 
wide range of pH, temperature, and pressure. At 25° C and in neutral 
solutions uranyl complexes of carbonate, fluoride, and hydroxide remain 
in solution at concentration values between 10-5 M and 10-* M. At 
elevated temperatures (215° C) the solubility of these ions at pH 7 i 
still above M. 

At 25° C the above mentioned ions will react with a reducing agent 
(H.S) at pH 7 to form pitchblende of small crystallite size. A similar 
reaction proceeds at elevated temperatures (215° C) and pH 7, but the 
pitchblende precipitates with larger crystallite dimensions. 

The uranous complex ions are relatively unstable. Solutions of 
uranous hydroxide precipitate a small amount of pitchblende at 25° C. 
At elevated temperatures (215° C) all of the uranium in solution con- 
verts to well crystallized pitchblende. 


INTRODUCTION 


THIs paper describes an experimental study on the synthesis of pitchblende 
undertaken as a research project for the Division of Raw Materials of the 
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Atomic Energy Commission. The experimental work was in progress be- 
tween October 1953 and May 1955. The purpose of the work has been 
to develop knowledge applicable to the emplacement of pitchblende in ore 
deposits. Two experimental studies were made: (1) the stability in 
solution of those uranium ions that precipitate as pitchblende, and (2) the 
conditions of precipitation. Only inorganic systems were investigated. 

Throughout the work conditions of stability and precipitation were 
chosen that might conceivably have occurred in nature. At the same time 
the physico-chemical systems were not made so complicated that funda- 
mental facts would be obscured. It is realized that this work has not 
duplicated many conditions in natural ore solutions. To bring about com- 
plete simulation many foreign cations not considered in this work should 
have been introduced. Before this can be done studies should be completed 
on the stability and mineral precipitation of metal ions such as lead (galena), 
zinc (sphalerite), iron (pyrite), and copper (chalcopyrite), in the presence 
of common anions used in this experimental investigation (S~*, S**, SO,°, 
Cr’, F-, CO;-*, HCO;-*). 

A Review of the Literature —Between 1824 and 1930 several chemists 
successfully produced pitchblende (UQ,) in the laboratory. From 1927 
until 1940 little experimentation was reported on the chemistry of uranium 
oxides. During and after the war much literature was published concerning 
UO,. Little of this work has a direct bearing on the synthesis of pitch- 
blende from solution, but deals primarily with the dry fusion of uranium 
salts with a variety of chemical compounds that produce UQ2, UQOs;, and 
U;0s. 

Arfredson (2) obtained UO, by reduction of KUO,CI; with dry hydrogen. 
Ebelman (6) claimed to have precipitated pure cubic crystals of UO, from 
NaUQO,. Wohler (32) treated a solution of (NH,4)2,UQ, with HCl and an 
excess of NH,Cl, and after evaporation, fusing, and leaching he obtained 
UOs,. Kessler (19) dissolved UO, with HNO; and reprecipitated it with H.S 
at a temperature of 30°C. Hillebrand (13) confirmed Wéhler’s experiment 
of 1942. Oechsner de Connick (26) produced UO, from UO;.H,0 by 
reduction with hydrogen at a low red heat. Ipatieff and Muromtsev (15) 
reduced uranyl nitrate solutions to UO, with hydrogen gas. Katz and 
Rabinowitch (16) summarized the precipitation of UO, by stating: ‘“Urany] 
salts can give UO, either by straight thermal decomposition, e.g., 


UO.Br, UO, + Br. 
or by reduction, e.g., 
UO.Cl, + H.— UO, + 2HCI.” 
Gruner (9) demonstrated that pitchblende would precipitate from acid 
(pH 2) uranyl solutions from 50° C to 215° C by using either H.2S or organic 


reagents. Long (21) published an annotated bibliography on the solid 
state reactions of the uranium oxides. 
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Although early work had been done on the composition of uranium ions 
most of the recent work has been carried on by various Atomic Energy 
Commission research projects. Pisani (25) did the early work on the car- 
bonate complexes and Wilder (31) has done recent work on the composition 
of the uranyl carbonate complex. Pascal (27) investigated the stability of 
uranium hydrophosphate and uranium pyrophosphate. Kunin (20) de- 
termined the stability of the uranyl ion as a function of pH. Harned (11) 
worked on mixtures of uranium IV and uranium VI. 

Most of the stability investigations to date are of little use to the geol- 
ogist. This results because concentrations of uranium ions above neutral- 
ization amounts have not been obtained and the stability of the uranium 
ions at elevated temperatures have not been investigated. 

Since the writing of this report Garrels (8) has published additional data 
on the thermodynamic relations of uranium oxides and Gruner (9) has 
published the results of his recent geochemical experiments. 

Acknowledgments.—The writer is greatly indebted to Professor Paul F. 
Kerr, Department of Geology, Columbia University, for his guidance and 
constructive criticism on the overall program. Professor T. Ivan Taylor, 
Department of Chemistry, Columbia University, supervised the chemical 
program and gave much assistance in chemical procedure and construction 
of experimental apparatus. William Croft of Columbia University made 
the determinations of crystallite size. The Raw Materials Branch of the 
Atomic Energy Commission provided the funds for the research, and 
published a preliminary paper as RME—3110 (Pt. 1) 1955. 


METHODS OF URANIUM ANALYSES 


Two analytical procedures were used for the determination of uranium 
in solution, each depending on the concentration of the sample. The Jones 
reductor with a potassium permanganate titration was used for the analyses 
of solutions with a uranium concentration of 10-* M or greater. Solutions 
with uranium concentrations between 10-* M and 10~-* M were analyzed by 
colorimetric methods. All precipitates were analyzed by x-ray diffraction 
methods. 

The Jones Reductor Method.—This method of analysis depends upon the 
quantitative oxidation-reduction of uranium. In the Jones reductor, 
uranium is quantitatively reduced to uranium (IV) and uranium (III), 
then aerated completely to uranium (IV), and finally titrated to uranium 
(VI) by means of a suitable oxidant. 

The Jones reductor used in these experiments was a 6-inch column of 
amalgamated zinc in a cylindrical reduction tube. Solutions of uranium, 
in 4N sulfuric acid, were allowed to pass through the zinc column at a rate 
of 15 ml per minute. The column was then washed thoroughly with 4N 
sulfuric acid and finally by water. The resulting mixture of uranium (IV) 
and (III) was aerated by rapid agitation with a magnetic stirrer to insure 
oxidation of red uranium (III) to green uranium (IV). Quadravalent 
uranium is stable in the presence of air for a few hours but over a period of 
days is completely oxidized to uranium (IV). The solution of uranium 
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Fic. 1. Spectral absorption by uranyl ferrocyanide from 4,100 A to 5,700 A. 


(IV) with a concentration above 10-* M was then titrated with a 0.1 N 
potassium permanganate solution that had previously been standardized 
with arsenious oxide. The precision of the determinations is 0.1 percent. 
For a detailed discussion of this method see Rodden (1950, pp. 54-57, 65, 
= and 68). 
Se} Colorimetric Method.—The bulk of the uranium analyses were determined 
; with the Cary Spectrophotometer. The analytical results were obtained 
from an equation based on Beer's Law: 
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where I, is the original intensity of the incident light, I is the intensity after 
passing through a medium of thickness 1, & is the molar absorption coeffi- 
cient, and c is the concentration of the absorbing medium. The law states 
that the ratio of the transmitted light to the original light is proportional 
to the light path and concentration. The Cary Spectrophotometer auto- 


Standard Beer's law graph for uranyl ferrocyanide at 4600 a 
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Fic. 2. Standard Beer’s law graph for uranyl ferrocyanide at 4,600 A. 
Fic. 3. High temperature solubility apparatus. 
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matically records the absorption spectra in both the ultraviolet and visible 
regions. The Model 11 spectrophotometer records optical density on a 
linear scale from 0—2.5 and 1.0-3.5. 

There are several complexing compounds that give colored uranium 
complex ions. The complexing agent used in these experiments was 
potassium ferrocyanide. Uranyl ions in acid sulfate solutions react with 
ferrocyanide to give reddish-brown uranyl ferrocyanide (UOQ.Fe(CN),)~°. 
This ion absorbs light from 3,000 A to 6,000 A (Fig. 1). Several curves 
demonstrated that the optical density is directly proportional to uranium 
concentration (Fig. 2). The maximum deviation of a concentration value 
from a straight line is 2.5 percent. 

The procedure used in the preparation of solutions was modified from 
Harvey (1944). Toa uranium solution of 0.1 ml to 5 ml (concentration less 
than 10-* M) was added 5 ml of 0.237 MKyFe(CN).s.3H.O with a small 
amount of NasSO;.7H,O. This was then diluted to 25 ml with 0.1 N 
H.SO,. The solution stood for one hour in the dark before a reading was 
taken. The reddish-brown solution was then poured into 2 cm cylindrical 
quartz cells and placed in the spectrophotometer. Measurements were 
taken both at 4,600 A and 6,000 A. 

The only interfering elements found in these experiments were fluorine 
and carbonate when in the presence of sulfide. When potassium ferrocya- 
nide was added to sulfide solutions with UQ.(CO;)3;~* or UO.F¢-* a white 
colloidal precipitate formed. Hence all solutions containing these elements 
were first evaporated in sulfuric acid before complexing with ferrocyanide. 

X-ray Analyses.—The solid precipitates were examined with a Norelco 
diffractometer and a Debye-Scherrer camera with a 57 mm diameter. The 
diffractometer was used for the precise measurement of lattice constants 
which for some pitchblendes agreed to + 0.003 angstrom units. The 
diffractometer was also used for the measurement of the crystallite size of 
some pitchblendes. For a detailed discussion on line broadening and 
crystallite size of the pitchblende synthesized in these experiments the 
reader is referred to the work of William J. Croft at Columbia University (5). 
The Debye-Scherrer powder camera was used for the identification of pitch- 
blende and the other synthetic uranium compounds. This method, plus 
the analytical control of solutions, has been utilized for the recognition of 
pitchblende. 


STABILITY MEASUREMENTS 


Electrometric Titrations.—Electrometric titrations were conducted with 
a Leeds and Northrup universal pH indicator assembly No. 7663-Al. It 
has an amplifier which draws a very low current from the measuring elec- 
trodes (about 2 X 10-” ampere at balance). This causes an error of only 
0.002 volts per 1,000 megohms. The glass electrode, the saturated calomel 
electrode, and the platinum electrode were used for the various measure- 
ments. The pH value was read to the nearest hundredth of a unit but was 
probably accurate only to the nearest tenth of a unit. 


The meter was used for the titration of uranyl solutions with different 
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anions. E.m.f. and pH measurements were taken at various intervals de- 
pending on the concentration of the solutions and speeds of reaction. The 
solutions were in constant agitation before and after all readings. Most 
titrations were carried out in a closed system with a nitrogen atmosphere. 
This was done primarily because of the complexing of uranium ions with 
carbonate ion and the oxidation of uranium IV to uranium VI. Some 
difficulty was encountered with fluorine anions due to their reaction with 
silica. This was overcome by rapid titration in the low pH range. 

Solubility Measurements.—The concentration of a particular uranium 
ion at various pH values and the foreign ion concentration at 25° was not 
difficult to measure. It was only necessary to analyze a portion of a ura- 
nium solution which had been in equilibrium with its precipitate for several 
days. For measurements at higher temperatures a glass bomb was de- 
signed with the help of Dr. T. Ivan Taylor, Department of Chemistry, 
Columbia University, which made it possible to isolate the solution from 
its precipitate at elevated temperatures. This solution could then be cooled 
and analyzed. The bomb is illustrated in Figure 3. The saturated solution 
within the bomb was heated to the desired temperature and was kept at that 
temperature for 24 hours to allow the system to come into equilibrium. 
The bomb was then slowly turned to permit the solution to filter through 
a fine glass frit, and at the same time care was taken not to allow the solution 
to pass through the open equilibrium vent. When the filtration was com- 
plete the bomb was cooled and the lower portion containing the solution was 
analyzed. The amount of uranium in this solution indicated the solubility 
of uranium under those conditions of temperature, pressure, pH, etc. con- 
trolled in the experiment. This bomb was also used for direct precipitation 
and solubility measurements. 

High temperature and high pressure apparatus.—All of the high pressure 
experiments were conducted in an American Instrument Company micro- 
reaction vessel (Fig. 4). Pressures of 10,000 Ibs/in.* can be obtained at 
400° C. Most of the experiments at 25° C were carried out at pressures 
below 2,200 Ibs/in.*. This is the tank pressure of most gas cylinders. 
Higher pressures were obtained by heating. To obtain pressures up to 
10,000 Ibs/in.? it is necessary to insert a booster pump between the gas 
cylinder and the bomb. The high pressure vessel is not able to take meas- 
urements of pH, e.m.f. and solubility at these high temperatures and pres- 
sures. Morey (1955) of the Geophysical Laboratory has used a modified 
Bridgeman type reaction vessel to solve the solubility problem. Metal- 
metal electrodes and oxidation-reduction electrodes are available which can 
withstand high temperatures and pressures but bombs with high pressure 
seals for the electrodes are not believed to exist. 

To make synthetic pitchblende under high pressures, uranium solutions 
were first placed in a pyrex liner within the reaction vessel. The vessel was 
then sealed and a reactive gas such as hydrogen sulfide, or an inert gas such 
as nitrogen, was bubbled through the solution at 25° C and flushed out 
through the outlet valve. After closing the outlet valve the pressure was 
increased by the nitrogen gas. The system was then heated and the tem- 
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perature was measured by chromel-alumel thermocouples attached to a 
Leeds and Northrup double range potentiometer indicator No. 8657-C. 
The temperature was accurate to + 5° C. The pressure was measured by 
an Acragage pressure gauge and is probably accurate to + 100 lbs/in.’. 
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THE STABILITY OF SEVERAL NATURAL OCCURRING URANIUM IONS AND 
THE CONDITIONS UNDER WHICH THEY REACT TO FORM PITCHBLENDE 


The term stability, generally employed in problems concerning mineral 
synthesis from solution, is defined as the ability of a particular ion to remain 
in solution. In this special study of uranium ions stability is considered as 
a function of temperature, pressure, uranium concentration, and certain 
anion concentrations including pH, and time. 

From the standpoint of natural occurrence there are two important 
valence states of uranium, the tetravalent and hexavalent. Trivalent and 
pentavalent states exist but are not considered important in the formation 
of stable ions in nature. The trivalent state is readily oxidized by small 
amounts of oxidants and is only formed under rigid reducing conditions. 
Pentavalent uranium is a transitory valence state with respect to its dis- 
proportionation into tetravalent and hexavalent uranium. Furman and 
Watters (p. 580) state that ‘‘recent work strongly indicates that a small 
amount of uranium (V) remains in equilibrium with the other two states.” 
In view of these considerations the complex ions investigated in this work 
have been separated into two groups, the tetravalent and hexavalent. 

Only those uranium ions that are believed likely to occur in natural 
solutions were studied. Complex ions such as the uranyl cyanide and 
uranyl nitrate, although known in the laboratory, are not considered 
probable uranium-transporting agents in nature. This seems reasonable 
since cyanide and nitrate minerals are lacking in pitchblende deposits. 
Uranyl carbonate and uranyl fluoride ions, however, have been investigated 
since carbonate and fluoride minerals are commonly associated with pitch- 
blende deposits (3). Table I lists the uranium ions studied. UO,.(CN),?* 
and UO,(NOQ;),-*, although known uranium ions, have not been included. 
The stability of the uranyl hydrophosphate (UO.H2PO,*') and uranyl 
pyrophosphate (UO;P,0;-*) are being measured. Organic uranium complex 
ions have not been studied. 


THE URANYL AND URANYL SULFATE COMPLEX IONS 


Salts of uranyl sulfate dissolve in water forming the light yellow UO,.*?, 
UO2(SO,)2-*, and UO,:(SO,)3;~* ions (29). The pH of the solution is de- 
pendent upon the uranium concentration and may vary from pH 4.2 to 
pH 1.5 (23). The predominant ion is UO,*? at moderate sulfate concen- 
tration Ut+*/SO,-? = 1/1. 

The compositions of these ions were inferred by potentiometric titration 
of uranyl sulfate solutions with sodium hydroxide (Fig. 5). In the absence 


TABLE I 
URANIUM IONS STUDIED IN THIS REPORT 
UO:OH* UO(OH)* 
UO2(COs)a4 UO(CO;): 
UO:Fs~* UOF;" 
USO,*? 
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of sulfate it should take 3 millimoles of NaOH to convert 1.5 millimoles of a 
UO,* solution to UO.(OH)». From the data of Figure 5 it takes 3.7 milli- 
moles to accomplish this conversion and therefore an ion other than UO,*? 
is present. From the stoichiometry it is postulated that 1.2 millimoles of 
UO,* are associated with 0.3 millimoles of UO,(SO,);~* at pH 2. At pH 
3.5 conversion to Na,UO.(SO,);~ and UO.(OH)* begins and is completed 
by pH 4.5. Above pH 4.5, Na.U,O; and UO:(OH): precipitate. As a 
function of pH the uranyl and uranyl sulfate ions are stable below pH 3.5 
at 25°C. 

The stability of the uranyl and uranyl sulfate ions is affected by the 
presence of hydroxide, carbonate, fluoride, phosphate, pyrophosphate, and 
sulfide anions. The complexes which these anions form with uranium will 
be discussed under subsequent titles. 

Pure uranyl and uranyl sulfate complex ions are stable from 25° C to 
300° C below pH 3.5. In the presence of reducing agents such H.S, SO, 
or H, these complexes are reduced to UO**, U(SO,)3;~* or U(SO,)4-*, de- 
pending on the sulfate concentration. At temperatures ranging from 50° C 
to 300° C the tetravalent uranous ions precipitate as pitchblende (Gruner, 
1952). 

When a pure uranyl! sulfate solution is saturated with H.S at 25° C and 
pH 2, partial reduction to UO,** and U(SO,);~” takes place. In this 
reaction each sulfide ion contributes 2 to 8 electrons to the hexavalent 
uranium atoms, and is converted to sulfur and sulfate. When this solution 
is heated in a closed system the sulfur is converted to SO, which reduces 
more uranium. The uranous ion reacts with water to precipitate pitch- 
blende. 

UO*? + H,O — UO, + 2H* 


The authenticity of the above reaction is based on four lines of evidence : 
(1) the solutions turn green after introduction of H.S because of the forma- 
tion of U**, (2) the pH drops due to the ionization of HS and conversion of 
sulfide, (3) the e.m.f. changes from + 0.2585 to — 0.0645 volts because of 
the change in equilibrium of the couples: 


UO,**? + 4H* + 2e = U** + 2H,0 (Latimer, 1953) 
+ 4H,0 = SO,* + 8H* + 8e 


and (4) X-ray data of the black precipitate are identical to pitchblende. 

The concentration of uranium in equilibrium with pitchblende depends 
on temperature. Figure 6 is a curve of solubility of pitchblende in equilib- 
rium with UO,*? plotted against temperature. At 215° C the solubility of 
pitchblende is 3.9 K 10-* M. 

The pitchblende precipitated under these conditions is a black, hemi- 
spherical, betryoidal material in a brown groundmass (25). According to 
Croft (5) the spherules consist of parallel fibers elongated along axes polar 
to 111 planes. The crystallite size varies with the temperature of precipi- 
tation from 100 angstrom units at 135° C to 500 angstrom units at 215° C. 
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The microscopic texture of the synthetic pitchblende is similar to the 
pitchblende from the Front Range deposits and Great Bear Lake in that 
gray bands are circularly distributed throughout the hemispheres. 


THE URANYL HYDROXIDE COMPLEX ION 
The uranyl hydroxide complex ion is deep yellow in contrast to the light 
yellow uranyl ion. The formula is UO.,(OH)*', as determined by potentio- 
metric titrations of UO.SO, solutions with NaOH (Fig. 5). Part II of the 
curve indicates the following equilibrium: 
UO,* + OH- = UO,OH* 


uranyl ion uranyl hydroxide ion 


472xi0°°M 
Stability of UO,(OH), 
in equilibrium wath Uo,OH* in 
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Fic. 8. Stability of UO.,(OH)> in equilibrium with UO,OH* in the absence 
of foreign anions as a function of pH at 25° C. 
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At the first break in the curve 4 m moles of NaOH have neutralized 2 m 
moles of H,SO,. At the second break in the curve 1.5 m moles of OH- 
have been added to 1.5 m moles of UO,**. Approximately one m mole of 
UO,** combines with one m mole of OH~ giving UO,OH*. 

Confirmation of this composition was obtained with the spectropho- 
tometer (Fig. 7). The UO,QH* ion has two absorption peaks at 3350° A 
and 4290° A. As alkali is added to UO,** in solution the UO,(OH)* in- 
creases in concentration and absorption increases. A curve of hydroxide 
concentration against optical density has a stoichiometric point at 3.7 m 
moles of OH~ concentration. At this point the formation of UO,(OH)* is 
completed. Beyond this point UO.(OH), precipitates. 

As a function of pH at 25° C, the uranyl hydroxide ion is stable from 
3 to 4.5 (Fig. 5). The uranyl ion is stable below pH 3. Above pH 4.5, 
UO;(OH).2.xH,O precipitates as a hydrous yellow crystalline compound. 
The composition of this compound was inferred from the stoichiometry of 
Figure 5. Precipitation takes place until 3.2 m moles of OH~ have been 
added. For every m mole of U** there are approximately two OH- m 
moles. The stoichiometry error is 7 percent. This is attributed to the 
formation of Na2U,O;. The stoichiometric error varies with sulfate and 
uranium concentrations. 

The degree of instability of the UO,OH* ion above pH 4.5 at 25° C is 
illustrated by Figure 8 which is a curve of uranium concentration against 
pH. At pH 4.7, 1.12 grams of uranium are present in one liter of solution. 
This concentration drops rapidly to .004 grams of uranium per liter of pH 
5.8. The concentration rises to .01 gram per liter at pH 7.7. The uranyl 
hydroxide ion is therefore unstable with excess hydroxide ion. Its behavior 
in the presence of carbonate, phosphate, fluoride and sulfide will be discussed 
later. 

At temperatures greater than 25° C, the UO,OH?* ion is less soluble 
over the entire pH range than at 25°C. Figure 9 is a curve of concentration 
of uranium against temperature at pH 7. 

The uranyl hydroxide ion will precipitate as pitchblende in the presence 
of and at temperatures greater than 50° C in experiments 
lasting 5 minutes to 3 months. Hexavalent uranium is reduced to tetra- 
valent uranium and from this state reacts with water to form pitchblende. 

Hydrogen sulfide reacts with the uranyl hydroxide ion at pH 4.5 and a 
temperature of 25° C to form a brown precipitate, which is probably uranyl 
sulfide. The pH is lowered depending on the quantity of sulfide ions. The 
concentration of uranium is 5 X 10-' M. Uranyl sulfide is unstable at 
25° C and converts to pitchblende. The pH drops during the reaction due 
to the oxidation of the sulfide ion. The magnitude of the total pH drop 
depends on the H.S concentration and is usually two pH units. The 
electromotive force of the system increases from — 0.200 volts to + 0.330 
volts depending on the amount of reduction taking place. This rise in 
e.m.f. is due to the increase of the U+*/U+* ratio. The crystallite size of 
the pitchblende precipitated at 25° C is very small as shown by diffused 
Debye-Scherrer lines and by very low diffraction peaks. Pitchblende be- 
comes very well crystallized by heating solid pitchblende in its solution. 
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The concentration of uranium in solution above the pitchblende is il- 
lustrated at two temperatures in Figure 10 which is a curve of uranium 
concentration against temperature at pH 2.8 in the presence of H2S. The 
concentration is low, being less than 5 X 10~* gms/I at the higher tem- 
peratures. It would probably be even less at lower temperatures if enough 
time were allowed. 

The reaction of the uranyl hydroxide ion with hydrogen gas eliminates 
the solid state reaction. Reduction with hydrogen gas decreases the pH 
of a uranyl hydroxide solution from 4.5 to 2.8 and forms the more stable 
uranyl ion at elevated temperatures (200° C). The UO,** is converted by 
reduction to UO** which reacts with water to form pitchblende. 


Solubility of UO2(OH), 

in equilibrium with UO) on* 

in the absence of ~thers anions 
at elevated temperatures. 


4 
100 150 
Temperature °C 


Solubility of pitchblende in 
with H,S after a solution of UO,OH 
reacted with at pH 7.70. pH 
is 2. 80. 


4 4 1 
25 «(50 75 100 «125 


Temperature °C 


Fic. 9. Solubility of UO.(OH), in equilibrium with UO.OH* in the absence 
of foreign anions at elevated temperatures. 

Fic. 10. Solubility of pitchblende in equilibrium with H,S after a solution of 
UO,OH?* reacted with H.S at pH 7.7. Final pH is 2.8. 
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ELECTROMETRIC TITRATION OF 


UOSO, by Na, CO, Concentrations 
3.740 m moles UO,SO, 
in 25 mi 
0.5050 M Na,CO, 


-2 -4 
UO2(CO,)2 


Stability of uranium (VI) with inc reasing 
carbonate and hydroxide concentrations 
Less carbonate than indicated on abscissa 
due to escape as CO, for curves 1.2.3 


and 4 


-4 
Above this line u*® UO,(CO,); 
s unstable 


Millimoles NazCO, 


Figure 12 
Fic. 11. Electrometric titration of UO,SO, by 


Fic. 12. Stability of uranium IV with increasing carbonate and 


hydroxide 
concentrations. 


All reactions by which the uranyl hydroxide ion is converted to pitch- 
blende take place within a few minutes to several days, depending on the 
temperature and the concentration of the reducing agent. 

The pitchblende precipitated from the uranyl hydroxide-sulfide system 
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is a black amorphous mass in association with a few transparent orthohombic 
sulfur crystals. At temperatures from 100° C to 215° C the pitchblende, 
in its solution, becomes platy while the sulfur converts to yellow spheres. 


THE URANYL CARBONATE COMPLEX ION 


The uranyl carbonate ion is light yellow similar in color to the uranyl 
ion. Its formula is variable, being either UOQ2(CO;).-? or UO.(CO;);-4, 
depending on the amount of carbonate present and the pH. The composi- 
tion of these ions has been inferred by potentiometric titrations of uranyl 
sulfate solutions with sodium carbonate (Fig. 11). The stoichiometric 
proportions at the first break in the curve indicate that all of the uranyl 
ion has been transformed to approximately 84 percent uranyl hydroxide 
and 16 percent sodium diuranate. The second break occurs at the point 
where two millimoles of carbonate per millimole of uranium have been added 
to form UO.(CO;),.-*. The third break in the curve is at three millimoles 
of carbonate per millimole of uranium. Here the UO.(COs3);~ is com- 
pletely formed except for small equilibrium amounts. 

As a function of pH the UO,(CO;).~ ion is stable at 25° C from pH 4.5 
to 6.5 (Fig. 11). Below pH 4.5, uranyl hydroxide is the stable form while 
above pH 6.5, UQ.(CO;).-? converts to UO.(CO;);-*. The UO.(CO;);-* 
ion is stable to pH 11.5 at which point it precipitates as UO.(OH):.xH,O 
(Fig. 11). 

The carbonate ion concentration controls the development of the uranyl 
carbonate ion in place of the uranyl hydroxide ion. If the uranyl solution 
is below pH 4.5 most of the carbonate ion will escape as carbon dioxide and 
no carbonate complex will form (Curve 1, Fig. 12). If the solution is 
rapidly brought to pH 4.5 with sodium carbonate, then enough carbonate 
is in solution to convert the UO.(OH)* ion to the UO.(CO;). and 
UO.(CO;);~“ ions. Curves 2, 3, and 4, Figure 12, demonstrate the increas- 
ing stability of uranium in solution with increased carbonate ion. All of the 
available carbonate becomes complex at pH 4.5 as illustrated by Curve 5, 
Figure 12, and therefore no precipitation takes place until pH 11.5. 

A plot of optical density against carbonate concentration is illustrated 
in Figure 13. The curve gives an excellent check on the composition of 
UO.(CO;).. 

At elevated temperatures uranyl carbonate ions become less stable. 
Figure 14 is a curve of concentration of UOQ2,(CO;)3;~ ions in equilibrium 
with its precipitate against temperature at pH 9. Its concentration at 
215° C is 0.5 X 10-° M. This is sufficient to place the ion in the category 
of substantial stability between 25° C and 215° C. 

The uranyl carbonate complex ion is stable in the presence of chloride, 
sulfate, and fluoride. It is less stable with phosphate ion and unstable with 
the sulfide ion. The concentration of a UO,(CO;);~* solution saturated 
with hydrogen sulfide at pH 8 and a temperature of 25° C is less than 10-* M. 
Copper, lead, and zinc do not cause the precipitation of uranium. Barium 
causes it to precipitate as the double salt, BasUO,(CO;); (Hedvall, 1925) 
(12). 
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The uranyl carbonate complex ion will precipitate as pitchblende in the 
presence of H2S, SO: and H2 at temperatures above 50° C and at all pH 
values. The sulfide and sulfite ions and hydrogen gas release electrons to 
the complex. This reduces the uranium from U**® to U**. The new 
uranium complex ion (UO**) reacts with the available water to form 
pitchblende. 

A uranyl carbonate solution at pH 8 saturated with H.S at a temperature 
of 25° C precipitates in part as UO.S which is in equilibrium with a brown 
uranium sulfide complex ion. Upon standing at 25° C the uranium in 
solution and the solid UO.S convert to pitchblende. The concentration of 
uranium in equilibrium with the pitchblende is less than 10-* M. A bright 


Change in spectral absorption 
of uranyl sulfate with Na,CO, 
at 4450 & 


complete 
formation of 


Optical Concentrations 
density 0 3.74 m moles UO,SO, 
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0 1 1 1 1 1 
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Stability of vo,(Co,);* in equilibrium with its 
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Fic. 13. Changein spectral absorption of uranyl sulfate with NazCOs at 4450 A. 
Fic. 14. Stability of UO.(COs;)s~ in equilibrium with its precipitate in the 
absence of foreign anions at elevated temperatures. 
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yellow ion, which is not believed to contain uranium and may be a poly- 
sulfide, forms above the pitchblende. The ion changes to a white colloidal 
suspension when the solution is made acid. At elevated temperatures the 
yellow ion changes to blue. 

Under the microscope the pitchblende occurs as black shiny sheets. 
Small orthorhombic, acute pyramidal, crystals of sulfur are present. When 
the pitchblende in equilibrium with a sulfide-carbonate system is heated 
above 100° C the pitchblende plates convert to particles resembling small 
ammonites and the white sulfur crystals change to yellow balls. 

Pitchblende precipitated at 25° C has a very small crystallite size. At 
temperatures above 100° C pitchblende precipitates with large crystallite 
dimensions. 


ELECTROMETRIC TITRATION OF 


UO, SO, by NaF and NaOH 


Concentrations 

1.496 M mol UO,)SO, in 10 mi 
0.1980 M NaF 

0. 3040 M NaOH 


OH*—» U0; 
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- -3 4 
~ UO,F; + U0,F, + UO,F; 
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Electrometric titration of UO.SO, by NaF and NaOH. 


THE URANYL FLUORIDE COMPLEX ION 


The uranyl fluoride ion is light yellow with a variable composition of 
UO.F;~* and UO.F,s“. Figure 15 shows a potentiometric titration of a 
uranyl sulfate solution with sodium fluoride. The first break in the curve 
occurs where approximately 7.5 millimoles of fluoride ion combine with 
1.5 millimoles of UO,** giving UO.F;~*. The second break occurs where 
approximately 9 millimoles of fluoride ion have united with 1.5 millimoles 
of UO,** giving UO.F,-*. UO.F;~ and UO.F,~* may form at lower fluoride 
ion concentrations and lower pH values. Since this work is concerned with 
solutions above pH 5 these ions have not been investigated. 

A solution of UO.F,~ is stable up to pH 6.70 at 25° C. Above pH 
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STABILITY OF URANIUM VI COMPLEXED WITH FLUORINE 
AT pH 7.0 AT ELEVATED TEMPERATURES 


2.1x 1077 M 


Temperature 


6.5% 10-3 M 


i i. 
1 2 3 4 5 6 


Moles per liter of U*® x 107° 


Fic. 16. Stability of uranium VI complexed with fluorine at pH 7.0 
at elevated temperatures. 


6.70 UOFe~ converts to UO,OH*. UO,OH*' was identified by its absorp- 
tion spectra peak at 3350° A and 4290° A (Fig. 1). Uranyl hydroxide 
precipitates at pH 7 as UO.(OH)..xH.O. The composition of this com- 
pound may be determined from Figure 15 since approximately 3 millimoles 
of OH~ combine with 1.5 millimoles of the uranyl ion. The concentration 
of UO,OH* at pH 7.0 is 6.5 KX 10-* M at 25° C in the presence of the 
fluoride ion. The presence of the fluoride ion, therefore, increases the 
stability range of the uranyl hydroxide ion from 4.0 X 10-° M to 6.5 
M at pH 7. 

At elevated temperatures the uranyl fluoride ion becomes slightly less 
stable. Figure 16 is a plot of the concentration of UO.F,~ against tem- 
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perature at pH 7.0. At a temperature of 215° C and a pH of 6.50, the 
concentration of UO.F,~ is 2.1 10-* M. 

UO.F,“* solutions will precipitate as pitchblende after reduction with 
either HS, SO, or H, at temperatures from 50° C to 300° C and between 
pH 2and pH 7. Hydrogen sulfide reacts with UO.F,~ at room temperature 
to form a green UF,. The solubility of this precipitate is below 10-* M at 
25° C. The uranium in solution and the green precipitate of UF, convert 
to brown pitchblende upon heating. As in the case of the carbonate ion 
the solution is blue at temperatures above 100° C, although clear below 
this temperature. The solubility of the uranium in solution remains 
below 10-* M. 

The UF, precipitated at 25° C consists of a grayish green acicular mass 
with thin plates of hexagonal crystals which are iridescent blues and greens. 
The pitchblende precipitated from the uranyl fluoride-sulfur system at 
temperatures above 100° C is a black earthy material with minute amounts 
of small iridescent crystals (UF,?) and small transparent plates (S?). The 
pitchblende is composed of large crystallites. 


THE URANOUS ION 


Tetravalent uranium forms green ions in sulfate acid solutions. The 
probable compositions are UO**? and U(SO,);-*. These ions have an 
absorption peak at a wave length of 6,700 angstrom units. This permits 
determination of their concentration from mixtures of uranium (IV) and 
uranium (VI). The uranous ion oxidizes to the uranyl ion within twelve 
hours in the presence of air at 25° C between pH 1 and pH 7. 

Uranium (IV) in an acid sulfate solution is predominantly U(SO,),-* 
and U(SO,);~* (30, p. 13). At pH 2.2 and 25° C the ions become unstable 
and black UO(OH)> precipitates (Fig. 17). The solubility of uranium in 
equilibrium with UOQ(QH)>. decreases to 6.0 X 10-* M at pH 4.62. The 
stoichiometry of the curve (Fig. 17) indicates a composition of UO(OH), or 
UO,.xH,0 for the black precipitate. Aloy (1) stated that the composition 
is UO,..2H.O and later Hiskey (14) thought it to be UO..xH.O. In this 
current work the precipitate was dried at 25° C and analyzed by means of 
x-ray diffraction. The resulting pattern was identical with pitchblende 
(UO,) although slightly diffused. Though not realized by Aloy and Hiskey 
the hydrated uranium dioxide loses its water of hydration upon drying and 
converts to anhydrous uranium dioxide (pitchblende). No improvement in 
crystallinity results from heating the synthetic UO, in the dry state. Hiskey 
found that partial oxidation to U;Ox, takes place at 200° C. If, however, 
UO(OH), in equilibrium with its solution is heated to 100° C or above, the 
hydrate loses all of its water and is converted to UO,:. This precipitate 
gives an excellent x-ray diffraction pattern for pitchblende. 

The concentration of uranium in equilibrium with pitchblende at various 
temperatures and a pH value of 6.7 is given in Figure 18. Forty-eight 
hours were allowed for the system to come into equilibrium before making a 
solubility measurement. These solubility figures are too high and indicate 
the slowness with which uranium IV in the absence of sulfide ion will pre- 


4 


THE CHEMICAL ENVIRONMENT OF PITCHBLENDE 541 


cipitate as pitchblende. When a solution of uranium IV reacts with 
hydroxide at pH 4.6 to form UO; the solubility of the UO, measured three 
months after the reaction is 6.0 K 10-* M. At pH 8.5 it is 3.4 & 10-* M. 
If these solutions are heated above 200° C the solubility of pitchblende is 
below 10-*® M and remains below this value after cooling the solution to 
25° C. The effect of higher temperatures is probably to increase the ap- 
proach to equilibrium. If this is true the solubility numbers of Figure 18 
do not indicate the true solubility of pitchblende at a given temperature. 


Electrometric titration of Stability of Uranium IV above UO, at elevated 
uranium IV by NaOH temperatures in an inert atmosphere of pH 6.7 


Concentrations #2 - 
0. 0250 m mol in 25 mi Hp 2.5210 M 

0.0091 M H,SO, 107% 
O. 3642 M NaOH 


Uranium IV--UO(OH),? 


dehydration | 
' 
Pitchblende 
(UO,) 


—vO 


below 107° 
J 


50 100 150 200 250 


Temperature °C 


Millimoles NaOH 


Fic. 17. Electrometric titration of uranium IV by NaOH. 
Fic. 18. Stability of uranium IV above UO: at elevated temperatures in an 
inert atmosphere at pH 6.7. 


The uranous ion solution when titrated with sodium carbonate does not 
form a complex with the carbonate ion as does the uranyl ion but precipitates 
as UO,.H.O. The dehydration and temperature effects are identical as in 
the discussion of the sodium hydroxide titration. 

When solutions of uranous ion with sulfate are titrated with sodium 
fluoride at 25° C a soluble fluoride complex forms which is stable to pH 4.0. 
Present data indicate that the composition of this complex might be UF.*?. 
Above pH 4.0, green UF, precipitates. This compound is identical to the 
UF, previously mentioned when UO.F,~ reacted with H.S. 

The composition of the soluble uranium fluoride complex, UF ,**, may be 
an oversimplification. Katz and Rabinowitch (16, p. 359) think the 
complex might be U(SO,).F.2~*, which decomposes into UF, and U(SO,)s. 
At the high hydrogen ion concentration at which Katz and Rabinowitch 
considers this complex one may expect sulfate complexing (22, p. 301). 
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At higher hydroxide concentration, UF;** might be the stable complex 
form. 

The concentration of uranium in equilibrium with UF, at pH 5.90 and 
25° C is 8.8 KX 10-° M. When a solution of UF, in equilibrium with ura- 
nium IV is heated to 180° C in an inert atmosphere there is no conversion of 
UF, to UO», since X-ray powder patterns of unheated and baked UF, agree. 

The sulfide ion has no appreciable effect on the uranous ion stability in 
solution other than to prevent its oxidation. The phosphate ion decreases 
uranium (IV) concentration above pH 3. The concentration is less than 


M. 


THE EFFECT OF FOREIGN CATIONS ON URANIUM COMPLEXES 


It is undetermined just how foreign cations might effect the stability of 
the uranium complexes discussed in this section. Experiments could be 
easily designed to test this, but the time involved is beyond the scope of 
this program. It has long been known that sodium forms a diuranate with 
uranium in alkaline solution (31), but the diuranate has been shown in 
this report to be quite soluble under certain conditions. Barium forms a 
relatively insoluble precipitate, BayUOQ2(CO;);, with the uranyl carbonate 
complex (12), and UF, is oxidized to uranyl compounds by ferric oxide 
(30, p. 8). 

The scope of the chemistry that has been completed on the reactions of 
cations with uranium generally lies beyond the range that is useful to the 
geologist. This is because the experiments have been performed under 
extreme conditions of temperature (ex. fusion at red heat), pH (ex. pH1), 
and foreign anion concentration (ex. oxalate solutions). There is little 
more that can be said about the relationship of uranium and pitchblende 
in ore-forming solutions until further work has been completed on cation 
effects. 


THE ROLE OF PRESSURE IN PITCHBLENDE SYNTHESIS 


Several experiments were completed on the effect of pressures up to 
5,000 pounds per inch square in the synthesis of pitchblende. Uranyl 
carbonate, hydroxide, and fluoride solutions at a pH near 7 and at various 
pressures and temperatures in a hydrogen sulfide atmosphere were tested 
in the high pressure chamber illustrated in Figure 4. The effects recorded 
are necessarily those remaining after the system had returned to room 
temperature and pressure. Therefore only an approximation can be made 
as to what actually happens at elevated pressures. 

The results indicate that for small amounts of H.S at the same tem- 
perature more pitchblende was precipitated at higher pressure than at 
lower pressure. This would be expected since the solubility of hydrogen 
sulfide in solution increases with pressure and therefore there would be more 
sulfide ion available to react with the uranium ions at higher pressures. 

The writer would infer that the role of pressure in the synthesis of 
pitchblende is essentially to keep the system closed and increase the solu- 
bility of the available gases. 
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SUMMARY 


There are five uranium complex ions which conceivably might occur in 
natural solutions of pH 7 and at 25°C. They are listed below in order of 
decreasing stability. 


Uranium ions in aqueous solutions Solubility at 25° C and pH 7 


1. Uranyl carbonate (UO.(CO3;);)~4 above 10-2 M 
2. Uranyl pyrophosphate (UO.P.0;)~* above M 
3. Uranyl fluoride (UO.F,)~* 6.5 X 10-3 M 
4. Uranous hydroxide (UO(OH)*! 3.0 X 10° M 
5. Uranyl hydroxide (UQ,OH)*! 2x10-°M 


At elevated temperatures these uranium ions become less stable and the 
order of solubility is changed. They are listed below in order of decreasing 
solubility at 215° C near a pH of 7. 


Uranium ions in aqueous solutions 


Solubility at 215° Cand pH7 


1. Uranyl fluoride 2.1 M 
2. Uranyl hydroxide 1.5 xX 10“M 
3. Uranyl carbonate 9.5 X 10-° M 
4. Uranous hydroxide below 10-* M 
5. Uranyl pyrophosphate unknown 


At 25° C and near pH 7 the uranyl carbonate, hydroxide, and pyro- 
phosphate will react with sulfide to precipitate pitchblende which has a very 
small crystallite size. The concentration of uranium in solution when 
either the uranyl carbonate or hydroxide reacts with the sulfide ion is less 
than 10-®§ M. The uranyl pyrophosphate reaction with sulfide has been 
only qualitatively investigated. Uranyl fluoride reacts with the sulfide 
ion at 25° C to precipitate uranium tetrafluoride, UFy. The uranium in 
solution above UF, is less than 10-* M. The sulfide ion has no effect on 
the solubility of uranium IV in solution other than to assist in keeping it 
in its reduced state. The hydroxide ion, however, reacts with uranium IV 
at 25° C near pH 7 to precipitate pitchblende. It has a very small crystallite 
size. 

At the elevated temperature of 215° C and near pH 7 uranyl carbonate, 
hydroxide, fluoride, and pyrophosphate react with sulfide, sulfite, and hy- 
drogen gas to precipitate pitchblende which has a large crystallite size. 
The concentration of uranium in solution above the pitchblende is less than 
10-* M, when sulfide ions react with uranyl carbonate, hydroxide and 
fluoride at 215° C. Uranium IV in an inert or H.S atmosphere at 215° C 
and near pH 7 reacts with water to precipitate pitchblende. It has a large 
crystallite size. The concentration of uranium in solution above the 
pitchblende is less than 10~* M. 

Foreign cations are known to react with complex uranium ions and form 
precipitates. They will also change the chemical properties of solutions, 
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especially pH, and therefore have an effect on the stability of the uranium 
ions. There is a need for experimental investigation of cation reactions 
with uranium complexes. 

Pressures up to 5,000 pounds per square inch have little effect on the 
stability of the uranium ions studied, other than to keep the system closed 
and increase the solubility of the gases in solution. 

It is suggested that uranium in natural ore-forming solutions on the 
Colorado Plateau traveled in the hexavalent state. In the White Canyon 
pitchblende district the uranium probably moved through the sediments in 
aqueous solutions as a uranyl carbonate (UO.(COs;);~*) or uranyl hydroxide 
(UO.(OH)*) complex ion. These uranium ions were absorbed by the 
anthraxylon or attritus material and reacted with the organic sulfur within 
the cell walls or the pyritic sulfur within the interior of the cell to precipitate 
as pitchblende. Pitchblende not directly associated with organic matter 
probably precipitated due to the reaction of uranyl ions with pyrite or 
hydrogen sulfide. The temperature of these reactions may have been be- 
tween 25° C and 260° C. It is suggested that all of the sulfide is genetically 
related to the organic matter and controls the precipitation of pitchblende. 

It is inherently difficult to bridge the gap between laboratory and field 
relationships in mineral study. This is because we seldom know all the 
variables that are involved in ion transport and mineral precipitation. The 
variables that are known to exist are commonly difficult to reproduce in the 
laboratory. If, however, fundamentals concerning the chemical com- 
pounds that form the mineral systems, although seemingly far removed from 
the field, can be determined, then approximations to the conditions of 
mineral emplacement may be made. 

It is hoped that the observations concerning the precipitation of pitch- 
blende discussed in this paper may add further knowledge on pitchblende 
genesis. 

EcstaLt MINING Co., LtD., 


TORONTO, ONTARIO, 
Dec. 5, 1957 
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THE GEOLOGY AND METAMORPHISM OF THE NAIRNE 
PYRITIC FORMATION, A SEDIMENTARY SULFIDE 
DEPOSIT IN SOUTH AUSTRALIA 


BRIAN J. SKINNER 


ABSTRACT 


The Nairne Pyritic Formation is the basal formation of the Kanmantoo 
Group, a vast thickness of fine-grained graywackes, quartzites and silt- 
stones. The sulfide-bearing graywackes and siltstones contain pyrite and 
pyrrhotite to a maximum of 15 percent of the rock by volume. They are 
believed to be original deep-water sulfide-bearing marine sediments. 
There are two major pyritic members, generally from 50 to 100 feet 
thick, which outcrop over a minimum distance of 65 miles. 

Metamorphism has developed two major mineral assemblages, quartz- 
muscovite-albite-(andalusite-kyanite ) -pyrite-pyrrhotite, and quartz-musco- 
vite-albite-microcline-pyrite-pyrrhotite, which coexist and are interbedded. 
The composition of muscovite in both assemblages and of microcline and 
albite in the second assemblage have been determined and a phase diagram 
prepared. The pyrrhotite composition is Feoo:S and a coexisting sphal- 
erite contains 9.0 percent Fe and 2.3 percent Mn. It was not possible 
to estimate the temperature and pressure of metamorphism from the data 
available, although an attempt was made using pyrite-pyrrhotite and 
sphalerite-pyrrhotite and the experimental data of Arnold and of Kullerud 


GENERAL GEOLOGY 


Tue Nairne Pyritic Formation is a series of pyrite- and pyrrhotite-bearing 
graywackes and siltstones at the base of the Kanmantoo Group. The Kan- 
mantoo rocks outcrop on the eastern side of the Mt. Lofty Ranges, South 
Australia (Fig. 1), and have been mapped and described by Sprigg et al 
(14, 16), by Kleeman and White (8) and Kleeman and Skinner (9). The 
age of the series is uncertain, but is considered to be Cambrian (15). 

The Kanmantoo Group comprise at least 26,000 feet of very fine-grained 
quartzites, graywackes and siltstones. Bedding in the quartzites is poorly 
defined, but in the graywackes and siltstones is generally clearly marked by 
composition and grain size differences. Throughout the Kanmantoo Group 
small scale cross-bedding, poorly defined graded bedding, sedimentary slump 
structures and other markings interpreted as scour channels and flute castings 
(10) can be found. 

The Nairne Pyritic Formation has been proposed as the base of the Kan- 
mantoo Group (9). It forms a convenient marker horizon in an otherwise 
monotonous sequence but certainly does not represent a break in sedimenta- 
tion. Below the Nairne Pyritic Formation is a fine-grained graywacke. The 
graywacke grades down into a massive, strongly cross-bedded quartzite, at 
least 2,000 feet thick. 
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Fic. 1. Distribution of the Nairne Pyritic Horizon, South Australia. 
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Below the massive cross-bedded quartzite are additional graywackes and 
siltstones, but they are interbedded with increasing amounts of coarse 
quartzites, arkose, and limited calc-cilicate beds. At no stage can any break 
in sedimentation be seen but the evidence suggests that the pyritic horizons 
occur at, or slightly above, a point marking a change in the mode of sedimen- 
tation. Below the Nairne Pyritic Formation is a mixture of coarse and fine, 
largely quartz-rich beds. Above the formation is a vast thickness of very 
fine-grained graywackes, quartzites, and siltstones. 

The Kanmantoo Group have been subjected to regional metamorphism. 
Detailed studies have not been completed, but it is readily apparent that the 
metamorphic grade increases from the south-west towards the north-east. 
Much of the area of good outcrop lies in the quartz-andalusite-muscovite- 
plagioclase grade, but in places a quartz-sillimanite-orthoclase-plagioclase grade 
is reached. 


THE NAIRNE PYRITIC FORMATION 


The Nairne Pyritic Formation is a stratigraphic name describing several 
sulfide-bearing members, separated by sulfide-free graywackes, at the base 
of the Kanmantoo Group. The pyritic beds, which form conspicuous out- 
crops, have been mapped for a strike length of 65 miles and are certainly 
more extensive than this. The persistence and excellence of outcrop makes 
the Nairne Pyritic Formation an excellent marker horizon. 

There are two major sulfide-bearing members, separated by 1,500 feet 
of sulfide-free graywackes and quartzites, which vary in thickness from 6 
inches to 400 feet, but are generally between 50 and 100 feet thick. Three 
smaller, more limited members occur stratigraphically above the main units. 
They are rarely more than 10 feet thick and average about 3 feet. The dis- 
continuity of the minor members, as mapped in the field, is partly due to poor 
outcrop and partly to lensing of the sediments. 

Each sulfide-bearing member is made up of many thin-bedded, sulfide- 
rich graywackes and siltstones. Individual beds within a member range from 
1 inch to 10 feet thick. In common with the other Kanmantoo rocks, the 
pyritic beds are very fine-grained quartz-rich rocks, and the presence of sulfides 
is their only distinctive feature. 

The sulfide-bearing rocks are all distinctly bedded, and the sulfides are 
obviously strung out parallel to the bedding. The sulfide-bearing rocks are 
always conformable, and never cross-cut the bedding planes. 

The amount of sulfide within a member is remarkably constant along the 
strike except where the beds pinch out. From bed to bed within a member 
there is a variation of 1 to 15 percent sulfides by volume, but the member as 
a whole averages about 10 percent sulfide. Where the pyritic formations 
lens down or pinch out, they become finer grained and increasingly more 
micaceous. With the increase in mica there is a reduction in sulfide content, 
but the formations remain visibly sulfide bearing until the final pinch out. 
The stratigraphically lowest pyritic member lenses out near Tinpot (Fig. 1). 
This member thins from a thickness of 200 feet to nothing over a distance 
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of three-quarters of a mile. It is definitely a sedimentary thinning and lensing 
and not a misleading effect created by a tailing out of the sulfides in a con- 
tinuous horizon, because individual beds within the member can be shown 
to lens out gradually. This lowest pyritic member has not been observed 
south of Tinpot. In the anticline west of Strathalbyn there are two distinct 
pyritic horizons. However, the lowest horizon here cannot definitely be 
connected with the pyritic horizon that lenses out near Tinpot. 

Unfortunately the pyritic beds weather rapidly, forming a resistant limo- 
nite-quartz-kaolin gossan. Pyrrhotite disappears rapidly and has not been 
observed in outcrop. Pyrite is more resistant and is often found as residuals 
enclosed in a limonite-iron sulfate halo. The acid sulfate solutions released 
during weathering rapidly alter the silicate minerals present. 

Three miles north of Nairne, at Shephard Hill, a large quarry is operated 
for the recovery of the sulfides for their sulfur content. The quarry, in the 
stratigraphically lowest pyritic member that outcrops continuously for 30 
miles north of Tinpot, affords an excellent opportunity for examining a con- 
tinuous section of fresh, unaltered material. In no other place can such 
fresh material be obtained. All specimens obtained from surface outcrops 
showed sufficient alteration to render accurate mineralogical studies useless, 
and detailed work on the mineralogy has therefore been limited to specimens 
from the quarry. 


COMPOSITION OF THE PYRITIC SEDIMENTS 


All the beds in the pyritic formation are quartz-rich and all contain sulfides. 
Although individual beds may be classified as quartzites, graywackes or silt- 
stones, the mineralogy is limited to a few assemblages. 65 percent of the 
host rock is a quartz-muscovite-albite-microcline assemblage. 25 to 30 per- 
cent is a quartz-muscovite-albite-(andalusite, kyanite) assemblage. The 
remainder, occurring in beds less than 1 foot thick, is quartz-biotite-albite- 
microcline, quartz-muscovite-scapolite-plagioclase or quartz-biotite-spessartite- 
feldspar assemblages. 

The present mineralogy must reflect the initial ratio of mica and clay 
minerals to feldspars. The quartz-muscovite-albite-(andalusite, kyanite) as- 
asemblage is derived from the most micaceous and clay-rich initial sediments 
and contains only 35 to 45 percent free quartz. The quartz-muscovite-albite- 
microcline assemblage contains from 45 to 60 percent free quartz. 

Sedimentary banding throughout the pyritic horizons is well defined, both 
macroscopically and microscopically, by differences in composition and grain 
size. Compositional variations are generally expressed by variations in the 
ratio of quartz to micas and bear little relation to grain size, except that highly 
micaceous rocks contain the finest quartz grains and were presumably the 
finest grained initial sediments. Beds range in width from 1 inch to 10 
feet, and individual beds are uniform in grain size, the coarser ones having 
grains up to 0.5 mm in diameter and the finer beds containing grains down 
to 0.03 mm in diameter. Coarse beds are rare and the average grain size 


is0.1mm. An estimated 5 percent of the beds show graded bedding (Fig. 2). 
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The perfection of sorting varies somewhat and the graded units range from 
1 cm to 4 cm thick and have a grain size range from 0.2 mm to 0.03 mm. 
The sulfides have the same grain size as the silicates, being coarse in the 
coarse sediments and fine in the fine-grained sediments. In graded beds this 
grain size relation was particularly noticed (Fig. 2). There is a tendency for 
coarse pyrite grains to be concentrated at the base of graded beds, but the effect 
is not pronounced. The only significant concentration of sulfides occurs in 


Fic. 2. Graded bedding in a pyrite- and pyrrhotite-bearing graywacke, Nairne 
Pyrite Horizon. Transmitted light. Black grains are sulfides. 

Fic. 3. Bands of concentrated pyrite with fine disseminated pyrite and pyr- 
rhotite between them. Reflected light. 

Fic. 4. Secondary alteration of pyrrhotite (Po) to pyrite and marcasite (Ms). 
Polished surface. Oblique illumination. 

Fic. 5. Elongate pyrrhotite grains, flattened parallel to the foliation. Re- 
flected light. White is pyrrhotite. 


some of the coarser grained rocks, which contain bands of practically pure 
pyrite up to 1 cm wide. The pyrite layers are parallel to the bedding and are 
spaced at intervals of 0.5 cm to 5.0 cm, with fine-grained pyrite and pyrrhotite 
disseminated through the silicates between them (Fig. 3). Laterally the 
pyrite bands die out within a few feet, and are generally no more than a foot 
long. Where the beds show no concentration, the sulfides occur as discrete 
grains uniformly distributed through the silicates. 


| 
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Within any particular pyritic member, pyrite and pyrrhotite are present 
in roughly equal amounts, though the proportion of one to the other varies 
widely from bed to bed within the member. Minor amounts of sphalerite 
and chalcopyrite with traces of galena and arsenopyrite are also present. A 
small amount of rutile is intergrown with the sulfides and with the silicates. 

Pyrite predominates in coarse grained beds and pyrrhotite in the very 
fine-grained and highly micaceous beds. Within the concentrated pyrite 
layers there may be small crystals of pyrrhotite. These always occur in lines 
parallel to the bedding and suggest that even slight variations in the sulfide 
composition of the original sediments have been preserved. 

Oxidation and secondary alterations are widespread and if not recognized 
can lead to misunderstandings. The alterations are concentrated around 
shears, joints, and fractures providing access for surface waters. The effects 
decrease rapidly with depth but have been noticed even on the deepest levels 
of the Shephard Hill quarry and in an adit under Shephard Hill. Below the 
level of complete oxidation one finds extensive alteration of pyrrhotite to mar- 
casite and in places to pyrite (Fig. 4). In polished section the secondary sul- 
fide often appears colloform. In hand specimen it is easy to recognize sec- 
ondary sulfide alterations because the secondary mineral encrusts or forms 
veins in remnants of the pyrrhotite or may even grow as minute crystals on 
the walls of the cavity left by removal of the pyrrhotite. Secondary sulfate 
minerals may be associated with secondary marcasite and pyrite, making it 
difficult to prepare good polished sections. 

Another common secondary effect below the oxidation zone is the develop- 
ment of minor veins and crusts of sulfates and clays. In thin section these 
veins are confusing as they are fine grained and have a high birefringence 
resembling carbonates in appearance. Edwards (4) gave a brief description 
of the mineralogy of the Nairne Pyritic Formation and mentioned small 
carbonate veins. In the present study no carbonates were found. 

All secondary effects are readily apparent, not only from their mineralogy, 
but also from their obvious relation to the surface and their concentration near 
shears and joints that have provided access for sulfate-rich surface waters. 


METAMORPHISM OF THE NAIRNE PYRITIC FORMATION 


The mineralogy and relations between minerals in the pyritic beds are 
most interesting. It is believed that compositional variations in the beds accu- 
rately reflect variations in the initial sediments. The present mineralogy and 
texture of the rocks however, were developed in response to metamorphism. 

Sedimentary features are preserved, even on the finest scale. Therefore, 
it is unlikely that much movement, or redistribution of material occurred 
within the beds during metamorphism. There is very little tectonic deforma- 
tion within the pyritic horizons, but minor joints, tension fractures, small 
shears and, more rarely, boudinage structures, do occur. No movement has 
occurred on most of the shears, though offsets of a few inches are sometimes 
found. All fractures are limited in length, commonly being confined to one 


bed. Highly quartzose beds develop fractures more readily than highly 
micaceous beds. 
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The minor breaks within the pyritic horizons have provided loci for cross- 
cutting veins and segregations of sulfides and silicates. The veins are always 
narrow, generally less than 1 cm wide. Like the minor breaks in which they 
develop, the veins are limited in extent; a single large hand specimen may 
contain the entire vein or segregation. 

The mineralogy of the veins and segregations strongly reflects the min- 
eralogy of the wall rock. Thus, tension joints in quartz-scapolite-muscovite- 
pyrrhotite beds are invariably sealed with coarse crystals of scapolite, quartz 
and pyrrhotite, but fractures in adjacent quartz-muscovite-microcline-albite- 
pyrite-pyrrhotite beds are sealed with coarse microcline, quartz and muscovite. 
The bulk compositions of the segregations may differ from the enclosing rock, 
but the individual mineral compositions are identical. 

The close relation between the mineralogy of the wall rocks and veins and 
the limited extent of the veins, suggests that the veins were formed as meta- 
morphic segregations. A minute percentage of the total rock volume is in- 
volved in the veins and segregations. A small amount of chemical movement 
must have occurred to form the veins, but the amount involved is so small 
that it would not, in any way, alter the bulk composition of the beds. 


Texture 


All beds in the pyritic formation have a well developed foliation. In the 
Shephard Hill quarry, this foliation is parallel to the bedding and roughly 
parallel to the axial plane of the regional folding. 

The foliation is expressed by strongly oriented and elongate micas having 
their (001) plane parallel to the foliation. Pyrite and pyrrhotite grains are 
in places flattened parallel to the foliation (Fig. 5). The sulfide elongation 
is marked in the highly micaceous beds but is not present at all in mica-free 
layers. Where elongation of the sulfide grains occurs, both pyrite and pyrrho- 
tite have a preferred crystallographic orientation. Where elongation is ab- 
sent, the sulfides have a random crystallographic orientation. 

The elongation of pyrite is parallel to the cube face. From the concurrent 
extinction of the elongated pyrrhotite grains in polarized light it is obvious 
that pyrrhotite has a strongly preferred crystallographic orientation. The re- 
lation of the pyrrhotite crystal lattice to the foliation could not be determined. 
Some pyrrhotites appear to have grown as epitaxic growths on, and even in, 
muscovite books. In this case optics suggest, but do not prove, that the com- 
mon growth planes are the muscovite (001) and pyrrhotite (0001). 

The perfection of lineation shown by the sulfides depends on the amount 
of mica present. The higher the mica content, the more strongly developed 
the sulfide lineation. This suggests that the pyrite and pyrrhotite orientation 
in highly micaceous beds is a growth effect controlled by the mica orientation 
rather than by the external stresses acting on the pyrite and pyrrhotite lat- 
tices. Pyrite and pyrrhotite do not replace the mica and the texture appears 
to be one developed between compatible minerals. 

The growth relations between the sulfide minerals suggest that pyrite and 
pyrrhotite are completely compatible. The strong cross-cutting relations, 
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reactions and alterations common in many sulfide deposits are absent. The 
only alterations present are demonstrably secondary and related to weathering, 
as previously discussed. 

Textural relations suggest that the sulfides and silicates, as observed today, 
have developed together. It is believed that the only essential difference 
between the present and original rock compositions is a reduction in water 
content. Thus, unless affected by secondary alterations, all the minerals 
present in the pyritic beds have compositions developed in response to the 
same metamorphic conditions. 


Mineralogy 
The mineralogical composition of the pyritic host rock is rather uniform. 
As previously stated, there are few mineral assemblages, the two major ones 


being quartz-muscovite-albite-microcline and quartz-muscovite-albite-(anda- 
lusite, kyanite). The amount of each mineral in an assemblage varies widely. 


ANDALUSITE, KYANITE 
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Fic. 6. Metamorphic assemblages and mineral compositions in Nairne Pyritic 
Horizon, Shephard Hill. Shaded area is the estimated composition range of the 
Shephard Hill rocks. 
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The range has been visually estimated and plotted in Figure 6 together with 
the phase assemblage boundaries postulated for the observed assemblages. 
The diagram is for assemblages with an excess of quartz and of iron sulfides, 
none of which could be plotted. 

Quartz-Muscovite-Albite-( Andalusite, K yanite)-pyrite-pyrrhotite —Kya- 
nite and andalusite are present in equal amounts. They are not intimately 
intergrown and mineral separations yield clean fractions of each. Thin sec- 
tions do not reveal any evidence of replacement or alteration from one to the 
other. One is forced to conclude that they are a stable pair and that meta- 
morphism in the area of the Shephard Hill quarry occurred at, or near, the 
andalusite-kyanite transition. 

Muscovite, the only mica present, has been separated and analysed for K 
and Na by flame photometer and for Ca by titration. If we assume an ideal 
AI/Si ratio for the muscovite, a formula of (Ko.s5;Nao.14Cao.o1 ) Ale( SigAl ) Oyo 
(OH is indicated. 

X-ray measurement of the (006) and (00,10) planes of the muscovite 
give a value for c, of 19.962 + 0.008A. Using Yoder and Eugster’s (15) 
value of 20.097 = 0.05A for c, of pure muscovite, Eugster and Yoder’s (6) 
value of 19.15A for c, of pure, natural paragonite, and assuming c, to change 
linearly with composition, gives a composition of (Ko s¢Nao.14) Ale(SigAl) Ojo 
(OH). for the muscovite. 

The agreement between analysis and physical measurement is surely 
fortuitous, for many unestimated effects may cause errors. The presence of 
Fe and Mg was ignored. Optical measurement suggests that Fe, at least, 
is negligible, but without analysis one cannot be sure. Small amounts of 
albite may have remained in the muscovite after separation. Optical exam- 
ination of the final muscovite fraction showed much quartz as impurity and it 
is quite possible that a few grains of untwinned albite escaped notice. X-ray 
powder photos do not record any albite however, and if albite is present, it 
must be less than 3 to 4 percent of the total. It has been assumed that the 
muscovite has the ideal formula (K,Na)Alo(Sig,Al)Oy;o(OH)»o. Variations 
in the Al content may be expected, especially in highly aluminous rocks. 
However, it is doubtful if the effect of Al variation on the c, value is as large 
as the physical uncertainty of measurement. Finally, one must always beware 
of partial analysis, since one has no check on internal consistency of the results. 
The analyses, when repeated on at least two separate muscovites, were iden- 
tical. The check with physical measurement indicates that, in this case at 
least, partial analysis is justified. 

It was not possible to get a pure albite sample. Small flakes of muscovite 
were always intermixed, no matter how finely ground. The composition of 
the albite determined by the Michel-Levy method is AbgoAngo. This, of 
course, gives no measure of the Or molecule in solid solution. 

Quarts-M uscovite-Albite-Microcline-P yrite-P yrrhotite —The muscovite in 
this assemblage, by partial analysis of two samples, has a composition of 
(Ko.92Nao.o6Cao.o2) Alo( SigAl)O;9(OH )o. The c, value is 19.990 + 0.008A, 
which indicates a composition of (Ko.90Nao.10) Ale(SigA1)O;9(OH This is 
again a satisfactory agreement and probably a more realistic one than the 
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previous case. The estimate is subject to the limitations previously outlined, 
but in this case the purity of the sample is definite. No feldspars or quartz 
were detected either optically or by X-rays. 

Microcline and albite could not be satisfactorily separated. However, pure 
microcline from a small segregation in the same bed as one of the analysed 
muscovites had a composition, determined by partial analysis, of Orgo.oAbs.s 
Anos. The segregation containing the microcline was entirely confined to a 
small tension fracture within a single bed 2 feet thick. It is felt that this 
material satisfactorily establishes the microcline composition, since fine-grained 
muscovite and a little plagioclase and quartz were also present in the 
segregation. 

Optically the microcline appears monoclinic and lacks the characteristic 
cross-hatched twinning. X-ray powder diffraction photographs however, 
show a smearing of the (130) and (131) reflections indicating a splitting of 
the lines due to triclinic symmetry. 

It was not possible to get a pure albite sample that was dem« mstrably in 
equilibrium with microcline and muscovite. However, a specimen was ob- 
tained from a segregation found in loose quarry material. The host rock is 
indeterminate, but only quartz-microcline-albite-muscovite rocks could be 
found nearby. It is believed this albite indicates the approximate, if not the 
actual, composition of the plagioclase in the quartz-microcline-albite-muscovite 
assemblage. Partial analysis showed Abg3Ang3;0ry. The composition of the 
plagioclase, determined by the Michel-Levy method in thin section, is Abgo 
which is the same as the albite in the quartz-muscc vite-albite-(andalusite, 
kyanite) assemblage. 

The experimental work of Eugster and Yoder (7) on the system potassium 
feldspar-albite-corundum-water indicates complete miscibility between the 
alkali feldspars at the upper stability limit (660-670° C) of paragonite at 
2000 bars water pressure. Later work by Yoder et al. (19) however, indi- 
cates that at 2000 bars water pressure the crest of the alkali feldspar solvus 1s 
at 673° C, and that at 665° C, the estimated breakdown temperature of parago- 
nite at 2000 bars water pressure, there would be an immiscibility gap of ap- 
proximately 25 mol % Or. In the Shephard Hill rocks there is a very large 
immiscibility gap (approximately 86 mol % Or) between the feldspars, and 
paragonite is absent. Thus, before the temperature was high enough to give 
a single feldspar phase or even a narrow immiscibility region between the two 
feldspars, paragonite had broken down. This may be explained in several 
ways. Calcium produces a drastic rise in the alkali feldspar solvus (19) and 
hence, at a given temperature and pressure alkali feldspars c taining calcium 
will have a wider immiscibility gap than the pure alkali feldspars. Secondly, 
by following the argument of Thompson (14), the partial water pressure is 
much lower than the total pressure during region metamorphism. Therefore 
paragonite, a hydrous mineral, will have a much lower breakdown temperature 
at a given total pressure than is observed in experimental work where the 
water pressure equals the total pressure. The alkali feldspar solvus, how- 
ever, is affected only by the total pressure since the feldspar phases are anhy- 
drous. Finally, in the experimental work referred to, the alkali feldspar 
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phases produced are the high forms while in the Shephard Hill rocks micro- 
cline, the ‘low’ form of potassium feldspar is found. The present study did 
not establish whether the plagioclase was a ‘high’ or ‘low’ form but it is con- 
sidered almost certain to be a ‘low’ form. There is considerable doubt that 
synthetic studies on the ‘high’ feldspars are directly applicable to ‘low’ feld- 
spars, but a consideration such as has been presented does point out that the 
metamorphism of the Nairne Pyritic Formation in the Shephard Hill area is 
most unlikely to have occurred at the high temperatures, above 600° C, dis- 
cussed. This point is further substantiated by the extremely fine grain size 
of the rocks and one feels that the metamorphism must have occurred closer 
to 300° C than 600° C. In addition, at a depth of burial of 26,000—50,000 
feet (see Temperature and Pressure of Metamorphism), a reasonable estimate 
of a geothermal gradient in quartz-rich rocks of 20° C/Km gives a tempera- 
ture range of 170°-260° C. 

Minor Rock Types.—The two preceding mineral assemblages account for 
95 percent of the pyritic sediments. Small thicknesses of other rocks are 
present but have not been studied in detail. Of these quartz-scapolite-mus- 
covite-plagioclase-pyrite-pyrrhotite beds are of interest. Always less than 
1 foot thick, these beds behave competently and develop numerous tension 
fractures. The rock contains at least 50 to 60 percent free quartz, about 5 to 
10 percent scapolite with muscovite and plagioclase forming the remainder. 
Plagioclase is present as fresh grains. Partial analysis showed the scapolite 
to be sodium-rich. The significance of the rock is puzzling. It appears to 
be a definite sedimentary bed, but the reason for scapolite developing is not 
clear. 

Very small amounts of a quartz-biotite-feldspar-spessartite rock occur. 
The spessartite is concentrated in and around biotite, and contains approxi- 
mately 35% MnO, as determined by X-ray fluorescent analysis. The only 
other assemblage recognized was quartz-muscovite-biotite-microcline-plagio- 
clase but it is possible that other minor beds occur. The compositions of the 
coexisting silicates and the suggested phase relations between them, are plotted 
in Fig. 6. 

Sulfide Minerals——The sulfide mineral compositions have been studied in 
detail. Analyses of pyrite and pyrrhotite by the Department of Mines, South 
Australia, are presented in Table 1. Arnold (1) presented data relating 
pyrrhotite composition with the interplanar spacing of the (102) plane for 
a hexagonal cell. The measured values of d,,92) and the estimated composi- 


TABLE 1 


CHEMICAL COMPOSITION AND Unit Data FOR PYRITE AND PYRRHOTITE 


No. Fe% S% Insol% | Mol. % Fe dor) A 


(est.) 
Pyrrhotite 1 60.8 | 388 0.1 | 47.3 2.0672+0.0008 | 47.35 


Pyrite 1 464 | 529 | 10 | 33.5 


Pyrrhotite 2 61.3 39.0 nil | 47.4 | 2.0678 40.0008 47.35 
ao 
| 5.4183 +0.0007 —_ 
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tions from Arnold’s data are also presented in Table 1. The agreement 
between analysis and physical measurement is excellent, and the formula of 
the pyrrhotite is established as Feo.947S. 
Pyrite and pyrrhotite are a compatible pair of minerals and have been 
involved in the metamorphism of the Nairne Pyritic Formation. Therefore 
Arnold’s (2, 3) data on the composition of coexisting pyrite and pyrrhotite 
at different temperatures may be used. The analysis and unit cell measure- 1 
ment of pyrite bear out Arnold’s contention that pyrite does not show ap- 2 
preciable solid solution of FeS. Pyrrhotite containing 47.35 mol. % Fe is a 
in equilibrium with pyrite at 275° C (3). The uncertainty in this estimate a 
is not easily established, but errors of 0.05 mol. % Fe in the estimated 4 
pyrrhotite composition produce changes of 25° C in the equilibrium tempera- 
ture. Pressure, at least up to 2,000 bars, does not have an appreciable effect 
on the equilibrium temperature determined. 
There is considerable interest in the various symmetries and superstruc- 
tures shown by pyrrhotite, so the X-ray powder diffraction data are presented 
TABLE 2 
X-Ray PowpDER DIFFRACTION DATA FOR PYRRHOTITE (FEo.947S), 
FROM SHEPHARD HILL, SOUTH AUSTRALIA 
CoKa radiation; 114.6 mm dia. camera; Cut off 14 A; Visual estimation of intensities (1). 
I dA I dA I dA I dA 
3 5.85 1 2.47 7 1.720 3 1.106 
1 5.54 1 2.33 4 | 1.609 5 1.103 
0.5 3.42 1 2.19 1 1490 | 05 1.089 
1 3.35 2 2.15 4 1444 | 3 1.071 
7 2.98 10 2.067 4 1.433 4 1.050 
2 2.87 05 | 1.977 4 1.324 3 0.9950 
0.5 2.81 0.5 1.907 3 1.294 3 0.9551 ~ 
8 2.64 } 1 1.837 3 1.176 + 0.9108 7 


in Table 2. Weak super lattice lines are present, but there is no tendency 
towards the line splitting observed with some monoclinic pyrrhotites. 
Numerous measurements of pyrrhotites from different beds and different a 
parts of the quarry failed to show any significant differences. Pyrite and 
pyrrhotite have constant composition regardless of the other minerals present. 
Sphalerite is widespread in small amounts, generally intermixed with 
pyrrhotite. Polished sections show the sphalerite to be quite clean and not 
to contain exsolved pyrrhotite or chalcopyrite. Two sphalerites have been 
separated and analyzed. The data are presented in Table 3. The manganese 
content is surprisingly high considering the low manganese content of the 
beds. The only other manganese-bearing mineral found was spessartite, 
which is present as a minor mineral in a very poorly represented assemblage. 
Kullerud’s (11) data on the composition of ZnS in equilibrium with FeS 
at different temperatures is applicable for coexisting pyrrhotite and sphalerite. 
The sphalerite at the Shephard Hill quarry contains an average of 15.2 mol. 
% FeS. Kullerud’s data show a formation temperature of 500° C at 1 bar 
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TABLE 3 


CHEMICAL COMPOSITION AND Unit CELL S1zE OF SPHALERITES 
IN EQUILIBRIUM WITH PYRRHOTITE 


Mn% | Cd% | Cu % 


<0.03 | . 5.4250 +0.0008 
<0.03 3. | 5.4242 +0.0009 


pressure, with a positive pressure effect of 30° C/1,000 bars. There is an 
error in Kullerud’s conversion of wt. % to mol. % which displaces the solvus 
slightly. The error involved is approximately + 25° C at 500° C and has 
been included in the temperature estimate. 


Temperature and Pressure of Metamorphism 


The pyrite-pyrrhotite data and the sphalerite-pyrrhotite data have been 
presented graphically in Fig. 7. The intersection point of the two lines 
should give the temperature and pressure of metamorphism at the Shephard 
Hill Quarry. The negative pressure indicated is obviously ridiculous. Un- 
certainties of measurement have not been plotted. Even an uncertainty of 
+ 100° C in each estimate would not bring the data into reasonable agreement. 

There were at least 26,000 feet of overlying sediments involved in the same 
metamorphism as the pyritic horizons. Thus, a minimum pressure of 2,500 
bars must have been exerted on the pyritic sediments. Since the topmost 
beds in the stratigraphic section are also highly metamorphosed, this is defi- 
nitely a minimum. If one postulates a doubling of the Kanmantoo sediments 
by folding one reaches a possible maximum of pressure, since no great thick- 
ness of later sediments have been laid on the Kanmantoo rocks. The struc- 
ture of the Kanmantoo Series certainly does not suggest even a doubling of the 
sediments, so 5,000 bars is a reasonable maximum. 

The use of solid solutions in two component systems such as pyrite-pyrrho- 
tite and sphalerite-pyrrhotite to determine temperature and pressure of forma- 
tion involves two major assumptions. The first assumption is that all phases 
present were at equilibrium under the metamorphic conditions. Examination 
of a large number of pyrite, pyrrhotite and sphalerite samples from Shephard 
Hill showed that they all have constant compositions. No evidence of dis- 
equilibrium can be found and it is felt that the first assumption is valid for 
both pyrite-pyrrhotite and sphalerite-pyrrhotite pairs. 

The second assumption is that minor elements do not affect the solvus 
and hence invalidate the use of an experimentally determined solvus between 
pure components. In the case of pyrite-pyrrhotite this assumption seems to 
be valid since minor elements were not detected by standard analytic methods. 
For sphalerite-pyrrhotite the second assumption may not be valid because the 
sphalerite contains large amounts of Mn. Kullerud stated that MnS in small 
amounts did not affect the solubility of FeS in ZnS. 4 mol. % MnS in the 
Shephard Hill sphalerite is more than twice the quantity considered by Kul- 
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Fic. 7. Pressure-temperature graph for the pyrite-pyrrhotite and sphalerite- 
pyrrhotite solvus relations assuming ideal conditions. 


lerud, and it is possible that his conclusion is not valid in this region. If MnS 
does, in fact, affect the FeS solubility, it apparently increases the amount of 
FeS entering the sphalerite structure. This would invalidate the use of 
Kullerud’s ZnS-FeS solvus in this instance. 

Further experimental work on the AlsO3-SiO, system may give the transi- 
tion curve for the pair andalusite-kyanite.. The slope of this curve has already 
been estimated (14), but its position in pressure-temperature space is not 
known. It is possible that further work on the feldspars may permit the 
estimation of temperatures of formation from the compositions of the coexist- 
ing feldspars. When data on either of these systems is available, it will be 
possible to evaluate more critically the uncertainties found in this study. At 
present the temperature and pressure of metamorphism cannot be satisfactorily 
estimated, 
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ORIGIN OF THE NAIRNE PYRITIC FORMATION 


The Nairne Pyritic Formation is believed to be an original sulfide-bearing 
sediment. The main points leading to this decision have all been discussed 
in detail, but, are summarized below: 


1. The wide extent of the Nairne Pyritic Formation and the constancy of 
composition along its length. 

2. The complete conformity of the sulfide-bearing rocks with all sedimen- 
tary features, including minor cross-bedding and lensing of sediments. 

. The close relationship between grain size of the silicate minerals and 
grain size of the sulfides, especially in graded beds. 

The strict conformity between variations in sulfide content and compo- 
sition, with the bedding. 

. Existence of planes of tiny pyrrhotite crystals parallel to the bedding, 
within massive pyrite layers, showing variations in the initial sedi- 
mentary sulfide composition. 

. Compatible relations between pyrite and pyrrhotite and between the 
sulfides and silicate minerals, indicating they were all involved in the 
metamorphism. 


There is no apparent relation between the distribution of the sulfides and 
the structure of the Kanmantoo Group. Were the sulfides deposited from 
hydrothermal solutions or concentrated by lateral secretion one would certainly 
expect the deposition to be structurally controlled. Even if a favorable bed 


replacement is proposed one would expect that structure would have a definite 
effect on the distribution. 

Edwards and Carlos (5) included the Nairne Pyritic Formation in their 
study on the selenium contents of some Australian sulfide deposits. On the 
basis of the S:Se ratio, which varied from 1:9,950 to 1:37,400 for the five 
samples analyzed, they concluded that the sulfides were of hydrothermal 
origin. It is felt that Edwards and Carlos’ argument is weakened by having 
only five samples and by the limited background knowledge on the S:Se 
ratio of sulfides from deposits of different ages and known origin. 

The method of deposition of the sediments is open to speculation. The 
concentration of pyrite in bands in the coarser rocks and at the base of graded 
beds, suggests heavy mineral separation. However, the complete absence of 
concentration of either pyrite or pyrrhotite in many beds is confusing. It is 
possible that in the finer grains the grain size effect predominated over specific 
gravity differences. There is no evidence that the sediments were sufficiently 
fine-grained for this to occur however, and a more probable explanation is 
that the original sulfide or sulfides had an altogether different composition 
from those observed today. 

To explain the lack of pronounced heavy mineral separation the original 
sulfides must have had a lower specific gravity than pyrite or pyrrhotite. 
Hydrous iron sulfides would be the most likely compounds filling all the 
requirements. There is some basis to this suggestion in that hydrotroilite 
(FeS.nH,O) and other hydrous iron sulfides of indefinite composition, such 
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as melnikovite are known to exist both naturally and experimentally (12). 
Where the natural hydrous iron sulfides have been observed in modern sedi- 
ments they are associated with carbonaceous material. No carbonaceous 
material has been observed in the Nairne Pyritic Formation and the sediments 
could not have been original black muds. 

Since some heavy mineral concentration has apparently occurred the 
original iron sulfides must have had a slightly higher specific gravity than 
the silicate minerals. Also, heavy mineral concentration and graded bedding 
mean the original iron sulfides must have been deposited as detrital grains 
and not chemically precipitated in situ. The possibility develops that the 
original iron sulfides were first chemically precipitated in shallow water and 
later redeposited in deep waters in the sediments as seen today. Later meta- 
morphism has broken down the original sulfides to give the mineral assem- 
blages observed today. Obviously the ratio of Fe to S must have varied in 
the original sediments since the ratio of pyrite to pyrrhotite varies widely from 
bed to bed. 

The presence of graded bedding suggests deposition by turbidity currents. 
If the criteria for turbidity currents, as outlined by Rich (13), by Kuenen 
(10) and others, can be accepted, then one must propose the pyritic horizons 
being deposited in this way. In the redeposition any light carbonaceous ma- 
terial in the original muds may well have been dispersed. It is most unlikely 
that such a volume of sulfide minerals could be collected as primary detrital 
grains. If an exposed source area provided sediments so rich in detrital 
sulfides, surely other beds derived from the same source area must contain 
some evidence of sulfides. Since no other sulfide-bearing beds have been 
found, it is considered unlikely that primary detrital concentration of iron 
sulfides is of importance in this case. Further, primary detrital grains of 
pyrite and pyrrhotite would show pronounced heavy mineral concentration. 

The method of formation suggested is one of chemical precipitation of 
hydrous iron sulfide in a shallow water environment followed by redeposition 
in deep water sediments. 
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ABSTRACT 


The coal and the associated sedimentary rocks of the Narragansett 
basin are progressively metamorphosed from north to south and south- 
west. X-ray analysis seems to give more definite indication of rank of 
these high-ash high-rank coals than does chemical analysis. 

Both chemical analysis and X-ray analysis reveal a close correspond- 
ence between rank of coal and metamorphic grade of associated rocks. 
At Pawtucket, coal, judged on the basis of X-ray analysis to be anthracite, 
is associated with rocks of the muscovite-chlorite subfacies of the green- 
schist facies that contain muscovite, paragonite, and chlorite. At Ports- 
mouth, meta-anthracite is associated with rocks still in the muscovite- 
chlorite subfacies and containing muscovite, chlorite, and ilmenite. At 
the Cranston mine, higher-rank meta-anthracite is associated with rocks 
in the biotite-chlorite subfacies. 


INTRODUCTION 


THE purpose of the present paper is to establish a connection between rank of 
coal and metamorphic grade of rocks. Many geologists have traced the varia- 
tions in rank of coals and many other geologists have made intensive studies 
of the variation in grade of metamorphosed sedimentary rocks. A massive 
literature has been created in each of these fields, but there is very little con- 
tact between them. This lack of contact is due in part to the fact that most 
coals of anthracite and lower rank are associated with sedimentary rocks that 
are not metamorphosed. Furthermore, most of those metamorphic rocks that 


1 Publication authorized by the Director, U. S. Geological Survey, and by the Chief, 
Illinois State Geological Survey 
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have been studied carefully do not contain coals that have been analyzed by 
the methods of coal analysis. 

However, the Narragansett basin of Rhode Island contains progressively 
metamorphosed sedimentary rocks interbedded with coaly layers that have 
been mined as fuel and, consequently, studied by coal analysis. This provides 
an opportunity to make a comparison of the rank of coal with the metamorphic 
grade of closely associated sedimentary rocks. 

Acknowledgments.—This paper describes incidental results from a coopera- 
tive project of the Rhode Island Development Council and the United States 
Geological Survey. The X-ray diffraction work was done at the laboratories 
of the Illinois State Geological Survey. Three analyses of coal from the 
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in this study, and an additional analysis was made by Walter M. Saunders, 
chemist, of Providence, Rhode Island. Mr. Roy F. Abernethy and Mr. B. C. 
Parks of the U. S. Bureau of Mines kindly gave advice on the use of these 
analyses, but they do not necessarily agree with the conclusions of this paper. 
The authors appreciate both the analyses and the advice. 


NARRAGANSETT BASIN 


The Narragansett basin is a complex synclinal mass of sedimentary rocks 
of Pennsylvanian age (Fig. 1). The rocks of the basin are extremely varied 
and include chiefly sandstone, shale, conglomerate, arkose, graywacke, and 
meta-anthracite. Most of the rocks are gray or black, but the Wamsutta 
formation in the northwest is mostly red. Feldspars and lithic fragments are 
common throughout. Cross-bedding and lensing of the beds are characteristic. 
All these rocks seem to be of continental origin. 

Fossil plants, which have been found at many places within the basin, are 
the basis for assignment to the Pennsylvanian system. Study of the plant 
fossils is, for the most part, of a rather early date (10, 11, 12, 15, 16, 17), 
but Knox (8) in 1944 assigned an early or middle Allegheny age to the 
Wamsutta formation. 

The rocks of the Narragansett basin were folded, faulted, and variably 
metamorphosed during the Appalachian revolution in Pennsylvanian time 
(13). 

The coals discussed in this report were taken from three localities, a tunnel 
near the north border of the Providence quadrangle, the Cranston mine near 
the south border of the Providence quadrangle, and the Portsmouth mines 
(Fig. 1). The rocks here discussed came from the same places and also from 
several places in the Providence quadrangle between the tunnel and the 
Cranston mine (Fig. 2). 


COAL 


The coal of the Narragansett basin has long attracted attention, both be- 
cause of possible commercial use and because of scientific interest in its high 
rank. Ashley (2, p. 5) wrote, “Its situation, directly on the seaboard and 
in the center of a region of dense population and large manufactures, gives it 
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a great advantage in the New England markets over other coals through 
reduced cost of transportation, an item that adds largely to the cost of the 
coals with which New England is now supplied. Lured by this apparent 
advantage, company after company has sought to exploit the coal or to utilize 
it in metallurgic enterprises in which they were interested ; but the fact remains 
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Fic. 2. Sketch map of Providence quadrangle. 
that Rhode Island anthracite is still unused commercially and the impression 
has become general that, considered as a source of heat, it is more of a 
will-o’-the-wisp than a reality.” 

Ashley cited the Taunton Copper Company’s operation of the Portsmouth 
mine as “the one shining example of continued successful use of Rhode Island 
coal” (p. 10). This reported use (1860-1883), for smelting copper ore from 
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Cuba and South America, seems almost incredible, but a considerable mass 
of copper slag remains on the shore near the abandoned mine. 

The Cranston mine may now be cited as a second “shining example,” for 
the present operators, Graphite Mines, Inc., have been mining continuously 
since 1940, Continuous, or almost continuous, operation by previous com- 
panies is reported to have begun in 1914. The product has been used as fuel 
and now is used chiefly as foundry graphite. 

The coal beds are widely distributed throughout the Narragansett basin. 
Apparently most of them are thin and discontinuous, but the bed at the 
Cranston mine is more than 20 feet thick (19). None of them has been 
traced more than a few thousand feet. Most of the coal is shiny black and 
is transected by curved slickensides, but some specimens from Portsmouth 
have the blocky fracture characteristic of many coals of lower rank. Veinlets 
of quartz, calcite, pyrite, and aphrosiderite (partly replaced by fibrous quartz ) 
are common in and near the coal beds. 


METAMORPHIC GRADE OF THE ROCKS 


Thin section studies of the rocks were supplemented by X-ray diffraction 
studies. All the rocks studied contain considerable fine-grained material that 
could not be identified microscopically. Figure 3 illustrates the type of X-ray 
curve given by the rocks. 

It has long been known that the sedimentary rocks of the Narragansett 
basin are more metamorphosed in the south and southwest than in the north 
and northeast (9, 17). The rocks north of Pawtucket are essentially un- 
metamorphosed, although strongly indurated. Rocks near the mouth of Nar- 
ragansett Bay are metamorphosed to mica schist and garnet-staurolite schist. 
So little is known of structural details that it is not feasible to plot isograds 
or metamorphic facies in the basin as a whole. Within the Providence 
quadrangle, which includes the Pawtucket tunnel and the Cranston mine, 
there are several metamorphic changes from north to south, although here, 
too, structural details are not well enough known to permit drawing iso- 
grads. The metamorphism here is of the type generally included in regional 
metamorphism. 

The rocks intersected by the Pawtucket tunnel have been affected by only 
the beginning of metamorphism. The quartz sand grains are sharp, angular, 
and randomly oriented, much as when originally deposited. Minerals identi- 
fied in thin section are quartz, white mica, chlorite, microperthite, albite, calcite 
in veinlets and rhombohedral grains, and accessory tourmaline, epidote, hema- 
tite, and leucoxene. The only minerals of probable metamorphic origin are 
fine-grained white mica and chlorite in the matrix. Examination by X-ray 
diffraction reveals that some of the white mica is paragonite and some is 
muscovite, but these were not distinguished by optical properties. 

At Windmill Hill (Fig. 2) the quartz sand grains are somewhat broken 
and strained but have approximately their original shapes. The edges of 
the grains are interfingered with white mica. Minerals identified in thin 
section are quartz, white mica, chlorite, ilmenite, and accessory zircon and 
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Fic. 3. X-ray spectrometer tracing of oriented aggregate (< 22,) from rocks 
at Mount Pleasant showing the sequence of (001) reflections for muscovite, para- 
gonite, and chlorite. 


tourmaline. The white mica and the chlorite occur in larger flakes of un- 
doubted metamorphic origin, and ilmenite is present as a new metamorphic 
mineral. 

At Mount Pleasant the quartz grains are lens-shaped and interlocked with 
other grains. Minerals identified in thin section are white mica, chloritoid 
in radial aggregates, quartz, ilmenite, chlorite, and accessory tourmaline. In- 
creasing regional metamorphism accounts for the presence of chloritoid. Some 
of the white mica is paragonite, as is shown in Figure 3. 

At the Fenners Ledge mine the quartz grains are lens-shaped and inter- 
locked. Minerals identified in thin section are quartz, white mica, ilmenite, 
chloritoid, and accessory tourmaline. Some of the white mica is paragonite 
and the chloritoid is in large separate crystals. 

At the Cranston mine the quartz grains are lens-shaped and interlocked. 
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Minerals identified in thin section are quartz, white mica, biotite, ilmenite, 
chlorite, albite, and accessory zircon and tourmaline. Of special interest is 
the appearance of biotite here. Chloritoid was not seen. Paragonite was 
not detected at the Cranston mine or to the southwest, although samples of 
different lithologic types were tested. The absence of paragonite suggests 
that it is eliminated here at an unusually low metamorphic rank (14). Garnet 
is present in the rocks about a mile and a half to the southwest, but was not 
seen at the Cranston mine. 

The rocks at Portsmouth are somewhat less metamorphosed than are 
those at Cranston but more metamorphosed than those at Pawtucket. The 
quartz grains at Portsmouth are considerably elongated and interlocked. 
Minerals identified in thin section are quartz, white mica, chlorite, ilmenite, 
and albite, and accessory microperthite, calcite, tourmaline, apatite, and pyrite. 
Biotite was not seen and paragonite was not detected by X-ray study. 

Progressive metamorphism is thus indicated both by the minerals de- 
veloped and by the physical deformation of the original grains. All these 
rocks are in the greenschist facies. At the Pawtucket tunnel they are in the 
muscovite-chlorite subfacies and at the Cranston mine they are in the biotite- 
chlorite subfacies. 


RANK OF THE COAL 


Chemical Analysis —Table 1 contains all usable analyses of coals from the 
Cranston mine, the Portsmouth mines, and a tunnel bored in Pawtucket in 
1954-55. Several other mines were opened at one time or another (Fig. 1), 
but available analyses from these are too few for making even tentative studies. 
Most of the analyses of Narragansett basin coals could not be used because 
they were made many years ago when different methods were used and dif- 
ferent standards of accuracy were maintained. The analyses of Jackson (7) 
in 1840 and Emmons (4) in 1885 seem too uncertain for safe use. Those 
presented in 1915 by Ashley (2) are used, however. Several from the Cran- 
ston mine are of fairly recent date (19), and most recent are four from coals 
intersected by the tunnel in Pawtucket. A further difficulty in using the 
available analyses arises from the fact that most Narragansett basin coals have 
a high content of ash that hinders accurate analytical determination of both 
volatile matter and ash (Roy F. Abernethy, Analysis Section, U. S. Bur. 
Mines, written communication). 

All these coals are meta-anthracite, according to the classification of the 
American Society for Testing Materials (1, 5). However, the calculation, 
by Parr’s formula, gives values of more than 100 percent fixed carbon for 
several of these Rhode Island coals, probably because of the adverse effect 
of the high content of ash. 

On the basis of grade of rock metamorphism, it might be expected that the 
lowest rank of coal would be at the Pawtucket tunnel, an intermediate rank 
at Portsmouth, and the highest rank at Cranston. The coal analyses of 
Table 1 are in agreement with this. The averages of ultimate carbon, mois- 
ture-free and ash-free, are 92.3 percent at the Pawtucket tunnel (3 analyses), 
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93.7 percent at Portsmouth (8 analyses), and 95.4 percent at Cranston (4 
analyses). The averages of fuel ratios (FC/VM) are 15.9 at Pawtucket 
(4 analyses), 21.7 at Portsmouth (9 analyses), and 23.8 at Cranston (11 
analyses). The averages of dry, mineral-matter-free fixed carbon are 98.75 
at Pawtucket (4 analyses), 99.1 at Portsmouth (8 analyses), and 99.2 at 
Cranston (11 analyses). 

Although these averages correspond with the differences of rock meta- 
morphism, the number of analyses is small, the amount of variation between 
different analyses from the same locality is large, and there is considerable 
overlap of analyses from the different localities. Additional analyses might 
yield more significant averages, but it does not seem probable that more 
analyses of the Narragansett basin coals will be forthcoming, except possibly 
from the operating Cranston mine. At best, conventional chemical analyses 
do not yield entirely reliable indications of rank of high-ash anthracite and 
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E-72739, E-72740, E-69728 analyses by Bureau of Mines, 1955. 

173554 analysis by Walter M. Saunders, Providence, 1955. 

C-37658, C-44412 analyses by Bureau of Mines, Rept. Investig. 4276, p. 37. 

7769, 7770, 7771, 7772, 113, 190, 191, 194, Ashley, U. S. Geol. Survey, Bull. 615, p. 27. 

9328, 9329, 9330, 9331, 9335, 9336, 9337, 9338 Ashley, U. S. Geol. Survey, Bull. 615, p. 26. 

FS-74, FS-75 Crawford and others, Univ. R. I., Engin. Exper. Sta., Bull. 3, p. 23. 

Figures of quoted analyses have been rounded off to tenths of a percent and a few errors have 
been corrected. 
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TABLE 1 (b) 


RHODE IsLAND CoaLs. ANALYSES—MOISTURE-FREE AND ASH-FREE 


Proximate | Ultimate 


| | 
No. BTU 
rc} s |u| c n | o 
E-72739 | 7.8 | 92.2 | 3.8 | 14 |91.5 4 | 29 | 13750 
Pawtucket E-72740 5.4 94.6 9 | 1.1 93.9 | .4 3.7 | 13890 
E-69728 | 6.0 | 94.0] 28 | 1.3 ops | 5 3.8 | 13870 
173554 | SA | 94.9 
| | | teas, | 
| J avg. | | 
C-44412 3.0 | 97.0 
9328 | 34 | 96.6 9 | 4 193.8 4 45 | 13831 
| 9329 3.7 | 96.3 4 | 6 | 94.7 3 4.0 13723 
| 9330 6.6 | 93.4 1 | 1.1 |93.0 2 | 5.6 | 13120 
Portsmouth 9331 4.5 95.5 eS 5 | 95.6 | 3 3.4 | 13946 
| 9335 48 95.2] .2 1.2 |91.4 3 | 69 | 13930 
| 9336 71 |} 929] 5 |91.9 2 7.1 | 13200 
| 9337 6.1 | 93.9 A 6 |94.8 1 44 | 13490 
9338 | 3.8 96.2 2.1 | 4 | 94.5 3 2.7 | 13770 
: 
| | | 93.7 avg 
| C-37658 45/954) 4] 4 | 95.8 1 | 3.3 
| 7769 3.9 96.1 | 1 | | 13658 
| 7770 | 13325 
7771 | 3.7 | 963) 10 | .5 | 963 1 | 2.1 | 13583 
Cranston | 7772 23} 9 | 4 |93.8 4 | 45 | 13858 
113 | 6 2 93.8 a S 95.6 2 3.3 14002 
190 2.9 | 97.1 a | 
} 191 | 35 | 96.5 A | 
194 | 5.1 | 94.9 | s 7 
| FS-74 $8 | 942] | 
| FS-75 | 5.2 | 948) 8 | 
| 
95.4 avg. | 


meta-anthracite. Therefore, X-ray diffraction studies were made for the 
purpose of testing and supplementing the chemical analyses. 

X-ray Analysis—xX-ray diffraction has been demonstrated to be of value 
in the study of coal structure (18). It is particularly useful in determining 
the relative degree of graphitization for highest rank coals that show different 
stages in coalification. The degree of graphitization may be estimated by 
the shape and position of the graphite X-ray diffraction lines (6). 

Figure 4 shows smoothed X-ray spectrometer tracings (Cu radiation) 
for three reference materials of different degrees of graphitization. Curve A 
is for a relatively pure commercial graphitic carbon. The structure of such 
material is not as ordered as that of crystalline graphite although a complete 
sequence of graphite reflections may be observed. 

Curve B represents the meta-anthracite near Leoben, Austria—FC 98.2 
percent (unit coal), ash 7.2 percent (as received). The presence of almost 
all graphite reflections indicates a high degree of graphitization in the coal. 
However, some decrease in intensity and increase in broadening of all peaks 
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rABLE 1 (c) 


Ruope IsLanp Coats. RATIOS AND AVERAGES 
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fixed carbon (Fieldner 
and others, 1939, p. 5 


+ 1.1 ash) 


indicates a lower degree of graphitization than that of the graphitic carbon. 

Curve C represents an anthracite from Pennsylvania—FC 97.7 percent 
(unit coal), ash 8.4 percent (as received). It readily can be observed from 
the X-ray tracings that a major difference exists between the anthracite and 
meta-anthracite structures although the difference in amount of fixed carbon 
is only 0.5 percent. The diffraction peaks for anthracite are relatively few 
and extremely broad. Evidently a discontinuity in rank exists between an- 
thracite and meta-anthracite. 

Figure 5 shows the X-ray spectrometer tracings for the three Narragansett 
basin coals. The curves show only graphite reflections and all peaks caused 
by impurities have been removed. Curve A shows the meta-anthracite from 
Cranston. All graphite reflections are present and the degree of graphitiza- 
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Fic. 4. X-ray spectrometer tracings of reference graphitic materials A. Com 
mercial graphitic carbon. B. Meta-anthracite, near Leoben, Austria. C. Anthra 
cite, Pennsylvania. 


tion is almost identical with that of the Leoben meta-anthracite (Fig. 4, 
curve B). Curve B, for the Portsmouth meta-anthracite, shows elimination 
of the (103) and (200) peaks and noticeable bri adening of all others. The 
coal still retains the meta-anthracite structure but is less graphitized than the 
Cranston coal. Curve C, for the Pawtucket coal. contains only the reflec 
tions found in anthracite and therefore is not considered meta anthracite in 
rank. 

It is apparent that the highest rank of meta-anthracite is fi mind at Cranston, 
and the Portsmouth coal is somewhat lower in rank although still considered 
meta-anthracite. The Pawtucket coal is of lowest rank and the X-ray dif- 
fraction curve is definitely of the type generally given by anthracite. 
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Thus, X-ray evidence indicates that the Pawtucket coal is anthracite, 
although the chemical analyses indicate meta-anthracite. In view of the un- 
certainties involved in the use of chemical analyses of high-rank coals, espe- 
cially of those with high ash, X-ray study seems more reliable. 

It is apparent also that the rank of the coal is directly related to the meta- 
morphic grade of the rocks, and a close correlation exists between the mineral 
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Fic. 5. X-ray spectrometer tracings of Narragansett basin coals. 
A. Cranston. B. Portsmouth. C. Pawtucket. 


assemblages of the rocks and the rank of the coal. The presence of paragonite 
in these rocks may well be associated only with the rank of anthracite, whereas 
its absence may indicate a higher metamorphic grade associated with meta- 
anthracite development. In terms of metamorphic grade, the muscovite- 
chlorite greenschist subfacies is associated with anthracite and with the lowest 
rank meta-anthracite; the biotite-chlorite subfacies is associated with meta- 
anthracite of higher rank. 
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CONCLUSIONS 


X-ray analysis seems to give a more definite measure of rank of the Nar- 
ragansett basin high-ash anthracite and meta-anthracite than does chemical 
analysis. 

Both chemical analysis and X-ray analysis reveal a close correspondence 
between rank of coal and metamorphic grade of associated rocks. 

The anthracite of Pawtucket is associated with sandstone, shale, and con- 
glomerate that show only the lowest marks of rock metamorphism: the de- 
velopment of chlorite, paragonite, and muscovite. This is the muscovite- 
chlorite subfacies of the greenschist facies. 

The meta-anthracite at Portsmouth is associated with rocks that have been 
metamorphosed to the ilmenite-muscovite-chlorite stage. This is still in the 
muscovite-chlorite subfacies. 

The meta-anthracite of the Cranston mine is associated with rocks that 
have been metamorphosed beyond the chloritoid stage into the biotite stage, 
but apparently not to the garnet stage. This degree of rock metamorphism 
has not been enough to change the coal completely to graphite, nor to remove 
it hopelessly from the category of fuel. 

Thus, the rank of coal increases, through the lower ranks of subbituminous 
and bituminous, to the anthracite stage before conditions become severe enough 
to cause metamorphism of the associated rocks. Further increase of rank 
within the anthracite stage and into the meta-anthracite and graphite stages 
occurs under the conditions of rock metamorphism. 


Brown University anp U. S. GeorocicaL Survey, 
STATE GEOLOGICAL SURVEY, 
Dec. 7, 1957 
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MANGANESE ORES FROM THE KURUMAN DISTRICT. 
CAPE PROVINCE, SOUTH AFRICA 


J. J. FRANKEL 


ABSTRACT 


The newly explored manganese field north-west of Kuruman, Northern 
Cape Province, South Africa, is almost completely covered by younger 
rocks, such as Kalahari sand and calcrete. Borehole cores and quarry 
exposures show that the ore is a manganized limestone horizon inter- 
bedded with Upper Griquatown banded ironstones of the Transvaal Sys 
tem of presumed Precambrian age. The predominant minerals in the 
ores are braunite, cryptomelane and hausmannite. Veins of cross-fiber 
cryptomelane are an interesting mineralogical feature 

The limestone horizon, originally somewhat manganiferous, was the 
source of the manganese of the enriched ores. Manganization of the lime 
stone is not significant at depth, but those parts of the horizon nearer 
surface and present sub-outcrop, have high manganese contents and show 


strong outcrop enrichment. It is considered that the ores are the result of 
near surface enrichment during several successive periods of erosion, and 
are not due to the introduction of the manganese by magmatic waters 


INTRODUCTION 


MANGANESE ore specimens containing seams of a fibrous manganese mineral 
that simulates crocidolite asbestos in appearance, were given to me by Dr. 
L. G. Boardman in 1954. The ore came from the Smartt Mine of Messrs. 
South African Manganese, Limited. in the newly explored manganese field in 
the Kuruman district of the Northern Cape Province, Union of South Africa. 
The ore is so unlike that of the manganese deposits of Postmasburg in the 
south that a detailed study seemed desirable. A geological investigation of a 
part of this field was carried out by the author in July, 1956 and a suite of 
representative specimens was collected for further laboratory study. 

Acknowledgments.—The cost of chemical analyses of fibrous cryptomelane 
was met by the Staff Research Fund of the University of Natal. Mr. K. E. 
Alexander of the Mount Edgecombe Sugar Experiment Station, Natal, kindly 
carried out some alkali determinations. Dr. T. L. Webb of the National 
Building Research Institute, Pretoria, made some differential thermal analvses. 
Dr. F. A. Raal of the Diamond Research Laboratory, Johannesburg, carried 
out X-ray diffraction identifications. Dr. J. N. van Niekerk and Mr. F. T. 
Wybenga of the X-ray Section of the National Physical Research Laboratory, 
Pretoria, have contributed a detailed X-ray analysis of the fibrous crypto- 
melane. Mr. P. J. Newman of the Department of Architecture, University 
of Natal, made the ore photomicrographs. 
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Fic. 1. Geological sketch map of the area west of Kuruman, Cape Province, 
compiled from Visser (11) and Union Geological survey maps. 
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I am indebted to Dr. L. G. Boardman for critical discussion in the field. 
Both he and Mr. P. R. Bosch supplied many specimens of the fibrous cryp- 
tomelane. I thank Messrs. South African Manganese, Limited, Johannes- 
burg, for permission to visit their workings on the farms Smartt and Hotazel. 

Messrs. National Manganese Mines, Limited, Johannesburg, have kindly 
allowed me to use data obtained at their mine on Annex Langdon, and Messrs. 
Philipp Brothers, Inc., New York, have provided a complete ore analysis and 
other assays. 

It is with pleasure that I thank all who have helped in this investigation. 


LOCALITY AND GENERAL GEOLOGY 


The manganese ores with which this paper is concerned occur in an area 
approximately 50 miles north-west of the village of Kuruman in the Northern 
Cape Province, Union of South Africa (Fig. 1). The area forms part of the 
south-eastern verges of the Kalahari Desert. It is classed as Kalahari Thorn 
Country and has an average rainfall of 8 to 10 inches per annum. The rivers 
are dry for practically the whole year, with short-lived torrential flows par- 
ticularly during wet years. Water is obtained from springs and boreholes. 
Temperatures often exceed 100° F in the shade in summer with very low 
humidity, while extremely cold nights are common in winter. 

Except for an isolated hill of manganese and iron ore known as Black Rock 
in the north-west, the country west of the asbestos-bearing Kuruman hills is 
flat and lies at approximately 3,500 to 3,700 feet above sea level. Slight un- 
dulations on the peneplain are due to dunes or to the dry river valleys, such as 
that of the Gamagara River. 

The nearest railhead is Sishen in the newly developed iron-ore deposits 
some 50 miles south of the southern end of this manganese field. 

The area is covered by young superficial deposits varying from a few to as 
much as 300 feet in thickness, composed of clay beds, surface limestones, ce- 
mented ironstone rubble, ferricrete, and dunes of red Kalahari sand. The 
older rocks, especially those associated with the manganese ore, rarely crop 
out and the manganese ore itself, except for the Black Rock occurrence, was 
originally found only in wells and pits. The detailed geological structure is 
not clearly revealed by natural exposures. The extent and probable structure 
of the mineralized areas have been recently deduced from borehole information 
and magnetometric anomalies (4). The pre-Karroo geology is illustrated in 
Figures 2 and 3. 

The manganized rocks lie in the upper part of the Griquatown series of 
the Transvaal System. The lower divisions of this system up to the Ongeluk 
lavas are well exposed along the eastern margin of the area, but pass under 
the superficial Kalahari sediments westwards. These exposures show that the 
older formation is regionally folded into broad anticlines and synclines. 

The geological succession in the vicinity of the manganese mines is: 


Fi 

. 
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Kalahari sands Mainly red wind-blown sands 
Lower Pleistocene ? 


(unconformity) 


Kalahari beds Clays, calcrete, ferricrete, et« 
Pre-lower Pleistocene ?) 
unconformity) 


Karroo system Dwyka series Shales, tillite 
(Upper Carboniferous) 
unconformity) 
Loskop system Gamagara series Mainly quartzites with basal con 
Late Precambrian ?) glomerate and aluminous shales about 3,000 feet 
unconformity 
3. Upper beds 
Ferruginous jaspers, dolomitic 
limestones, shales, manganese 
horizons 5,000 feet 
Grriquatown 
Fransvaal system a . Andesitic (Ongeluk) lavas 3,000 feet 
(Late Precambrian ?) = Pretoria 
Lower beds 
Minor tillite horizon, quartzites, 
shales, banded ironstones, some 000 feet 
carrying crocidolite asbestos 


Campbell Rand  Dolomitic limestones with limestone 

series lenses 5,000 feet 
= Dolomite 

series) 


FIELD SETTING OF THE MANGANESE ORE 


The structure of the ore bodies differs considerably from that of the Post- 
masburg manganese fields to the south. According to Kupferbiirger and 
others (4), the thick massive manganese ore bodies are persistent over many 
miles of strike; the lowermost manganese horizon overlies about 100 feet of 
banded ironstones at the base of the upper Griquatown beds. It is also sepa- 
rated from an upper manganese horizon by banded ironstones. 

The field relationships can be studied in the quarries recently opened. The 
ore of the lowermost horizon in quarries several miles apart has similar litho- 
logical features but some mineralogical differences. 

On the farm Annex Langdon, surface relief is only a few feet. The whole 
area is almost entirely covered by calcrete or Kalahari sand that lies as re- 
sidual portions of scrub-fixed dunes. The sand cover over the older forma- 
tion is thin, and banded ironstones crop out at surface over an area of a few 
square yards. At the time of my visit in July, 1956, the manganese ore under- 
lying the sand and banded ironstones had been exposed in boreholes, pits and 
the main quarry. 

The superficial deposits consist of a ferricrete up to 4 feet thick overlain 
by 2 to 12 feet of sand, in which artifacts have been found. These deposits 
rest on a planed surface of manganized rocks. The quarry faces show a suc- 
cession of manganized sediments gently tilted to an average angle of 15 de- 
grees west (Fig. 4). The dip varies from 12 to 18 degrees but local undula- 
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tions of up to 23 degrees occur. The strike varies a few degrees only from 
north-south. There is no intensive folding. Vertical cracks similar to con- 
traction fissures with no vertical displacements, are exposed in the quarry. 
Near the sub-outcrop of the manganese ore and footwall ironstones, a small 
fault with a little brecciation was seen, and here and there displacements of 
fractions of an inch occur. 


Gamagara and 
= Mats ap series 


. 
‘ 


Upper Griquatown 


Ongeluk lavas 


Lower Griquatown 


Dolomite series 


i 
. 


v 


SMARTT 


AKURUMAN 


Fic. 2. Geological sketch map of the Kuruman manganese field, showing the 
distribution of the pre-Karroo formations below younger rocks as inferred from 
borehole data, magnetometric anomalies and rare outcrops (modified from Kupfer 
burger et al.) (4). 


Fic. 3. Schematic section of pre-Karroo geology, along an east-west line neat 
Black Rock-Hotazel. T.F.= Thrust fault. 


In the eastern part of the quarry the manganized ore rests with a clean 
contact on a high-grade banded red hematite, probably resulting from banded 
ironstone of the basal part of the upper Griquatown beds. Banded ironstones, 
preserved just south of the quarry, cap the manganese horizon, but the actual 
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contact with the hanging wall was not seen in the quarry. The thickness of 
the manganized sediments is just over 70 feet. 

The strata vary in appearance from “shaly” to coarser bedded layers. 
Much of the ore in the exposed faces is massive, dull, dark brown and streaked 
with thin, brighter grey-black to dark steel-grey bands and lenses. Some ore 
with fine, almost oolitic banding has a flinty conchoidal fracture. The ores 
are, however, generally fine-grained. 

Down dip away from the sub-outcrop and also towards the base of the for- 
mation, particularly in the floor of the quarry, the rock is porous, finely lami- 
nated, and breaks into tabular “slaty” fragments. Near the surface, pockets 
of heavy, shiny, finely crystalline ore, obviously surface enriched, are found. 

Veins of calcite traverse the ore. Thin veins of cross-fiber cryptomelane 
are parallel to or cut across the bedding. Small nests of soft, felty, purple- 
brown cryptomelane fibers and vugs lined with small crystals of quartz, and 
goethite pseudomorphous after hematite have been seen. 


W 


E 


san 
banded — 
Manganes® quarry floor 


ironstones 
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Fic. 4. Annex Langdon. Cross section of quarry, July, 1956. 


On the farm Smartt, the quarry faces show the same general features ob- 
served at Annex Langdon. There is much more dull, dark-brown ore with 
less of the shaly and finely “oolitic” varieties. Vertical fractures are filled 
with brecciated ore and calcrete, no doubt derived in part from surface. 
Within the manganized sediments there are conspicuous seams of cross-fiber 
cryptomelane, which near surface is replaced by cross-fiber pyrolusite. There 
are also thin calcite veins within the ore body. 

The footwall resembles a partially manganized limestone near surface, par- 
ticularly within the quarry away from the sub-outcrop. Kupferbiirger (4) 
has recorded that deep borehole intersections away from sub-outcrop show 
progressively poorer ore, which finally becomes laminated manganiferous lime- 
stone. As at Annex Langdon, the ores lie below a sand cover that varies 
from 10 to 30 feet in thickness, 


= 
| 


MANGANESE ORES FROM KURUMAN DISTRICT, S. A. 


MINERALOGY OF THE ORES 
General 


Identification of manganese minerals is not easy in such fine-grained ores. 
In addition to hand specimen examination, detailed studies of optical proper- 
ties and etching tests on polished sections supplemented by chemical determina- 
tions, differential thermal analysis and X-ray powder photographs, were made. 
The ores are clearly separable into a few distinct types, of which two or 


cms. 


Fic. 5. Hand specimen of bedded manganese ore from Smartt quarry. It con- 
tains seams of cross-fiber cryptomelane, bands of bright dark-grey hausmannite and 
of dull-brown braunite. There is a small displacement down the middle of the 
specimen cemented by cryptomelane. 


more may be found within a single hand specimen (Fig. 5). The dominant 
types are (1) braunite and (2) cryptomelane-rich ores. Both varieties are 
somewhat porous and contain calcite in veinlets or as small scattered single 
crystals. There are also (3) thin bands or lenses of hausmannite in braunite 
ore, (4) heavier crystalline masses of hausmannite, and (5) small “boulders” 
of highly magnetic jacobsite ore. Types 4 and 5 lie near the top of the de- 
posits below the sand cover. (6) There are also the dull brown or steel-grey 
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cross-fiber veins that lie parallel to or across the bedding of braunite-rich ore. 
(7) The partly manganized siliceous, and in places somewhat calcareous foot- 
wall should also be noted. 

Braunite ores are characterized by the presence of silica, but cryptomelane 
ores hold significant amounts of combined water and alkalis, so that chemical 
determinations of these constituents afford a means of confirming hand speci- 
men or microscopical identifications. 


Microscopical Features 


Braunite Ore.—This ore is characterized by small voids and irregular areas 
that polish poorly on billiard cloth. It is composed dominantly of a braunite 
that has a distinct lilac-brown tint under the oil immersion lens. The poorly 
polished areas are reddish-brown in color and may be earthy cryptomelane. 
There are lighter-colored psilomelane or cryptomelane specks and laths 1 to 2 
microns in size, and very thin veinlets, in the braunite. Thin blades of mag- 
netite up to 0.1 mm long with some hematite are present. Calcite in small 
patches is common. 

Partial chemical analyses on a number of specimens gave : 


SiO: 6.3 to 7.0 
12.33 one determination 
KO 0.15 to 0.4 
Naw’ 0.25 to 0.5 
HeO + 1.2 to 2.0 
co 5.1 to 10.0 


All the silica is in combination in the braunite. When the powdered ore 
is dissolved in hydrochloric acid, gelatinous silica is left, but no quartz grains. 
The iron content cannot all be accounted for by the small amount of magnetite 
and hematite. The braunite probably holds some iron,.although not enough 
to make it a ferrian braunite. X-ray patterns are identical with that of nor- 
mal braunite. 

Specific gravities of 3.64 and 3.9 on coarsely crushed specimens clearly 
indicate the presence of calcite and voids in the ore. 

Cryptomelane Ore.—This type of ore is more abundant on the Annex 
Langdon property. It is essentially fine-grained, shale-like or “oolitic.” 
Under the microscope it is steely grey and predominantly isotropic. Granules 
are 0.1 mm diameter, and circular areas (oolites?), 0.3 mm diameter. The 
cryptomelane clearly shows replacement of earlier minerals in most of the 
sections examined. Small cubes of magnetite, 8 microns square, fresh or 
partly altered to martite, appear to be of early formation and are sparsely 
scattered in the ore. Hausmannite relicts are common; those of braunite are 
rare. Pyrolusite blebs or “rosettes” 3 to 8 microns diameter, and veinlets 2 
to 6 microns wide, are widespread. Between crossed nicols this pyrolusite is 
revealed as an anisotropic mesh of fine, felty laths. Hematite occurs as long 
thin veins 2 microns wide, while crystals 12 microns in diameter, show char- 
acteristic pale blue-grey color and red internal reflection, in oil. 
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Within the cryptomelane ores are patches of calcite and of a manganese 
mineral, probably a wad, which does not polish well. 

Chemical determinations made on specimens known to be composed essen- 
tially of cryptomelane gave : 


SiOz 0.25 

0.8 to 1.7 
NazO 1.0 to 1.6 
HO+ 4.5 to 8.1 
CO trace to 0.4 


Specific gravities of 3.97 to 4.04 obtained on the cryptomelane ores indicate 
that this ore is more compact and contains less gangue or voids than the 
braunite ores. 

Some cryptomelane specimens contain significant amounts of hausmannite, 
much of which has been replaced by the cryptomelane. 

Hausmannite Bands and Lenses.—Bright bands and lenses a few tenths to 
3 inches in thickness, parallel to the bedding, are conspicuous in the braunite 
ore. Under the microscope, they show an interlocking aggregate of hausman- 
nite grains, some twinned, of 8 microns average diameter. Sparsely scattered 
irregular patches of cryptomelane and pyrolusite a few microns in diameter lie 
in the hausmannite. A typical specimen has 0.95 percent of combined water 
and specific gravity of 4.66. Generally, however, these hausmannite bands 
have been extensively replaced by cryptomelane, although this is not easily 
recognizable in the hand specimen (Fig. 6). Such replaced bands have a 
lower specific gravity, 4.04 to 4.12; rather more combined water, 4.4. to 6.0 
percent, with significant amounts of alkalis—potash 0.8 and soda 1.25 percent. 


7 
Fic. 6. Cryptomelane (c) and later pyrolusite (p) replacing hausmannite (h). 
Annex Langdon. 


Fic. 7. Cryptomelane (c) and pyrolusite (p) replacing hausmannite (h) in 
surface enriched ore. Hotazel. 
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Dr. F. A. Raal reported the following measurements made on an X-ray 
photograph taken with Mo radiation : 


A.S.T.M. Cards 
Measured Hausiuannite Cryptomelane 


4.82 — 4.84 
3.09 3.08 3.097 
2.76 2.76 

2.405 

2.15 

1.55 1. 
1.46 
1.38 1. 


He concludes that although some of the hausmannite spacings are missing, 
the sample is a mixture of hausmannite and cryptomelane. This supports the 
microscopical and chemical data. A little pyrolusite may replace the cryp- 
tomelane. 

Hausmannite Masses at Sub-outcrop—Heavy, dull to brighter, dark 
masses at sub-outcrop below sand on both manganese horizons are known to 
be high-grade ore. They are slightly magnetic. Specimens from the lower 
horizon contain : 


Specific gravity 4.94. 


Sub-outcrop ore taken from borehole cores in the upper horizon have : 


(1) (2) 

% % 

Mn 48.8 55.6 
Fe2Os 19.6 10.76 

SiOe 1.2 0.4 
2.58 1.84 
Specific gravity 4.48 4.62 


(1) From sub-outcrop immediately below 74’ of sand. 
(2) Three feet below sub-outcrop. 


Under the microscope these ores are rather more crystalline than the other 
varieties described above. Hausmannite is the predominant mineral, often 
characteristically twinned, with typical red internal reflection under oil. It is 
replaced by psilomelane or a little cryptomelane, as well as by pyrolusite which 
cuts across it in thin veinlets. Hematite crystals 4 to 8 microns in diameter, 
are scattered through the sections. Magnetite cubes from 4 to 24 microns 
square may have hematite borders. Small amounts of granular cryptomelane, 
16 microns across, and small lilac-brown patches, probably braunite, are also 
seen. 

Hausmannite is partly replaced by pyrolusite along cleavage planes, and 
what appears to have been braunite originally is now replaced by cryptomelane 
(Fig. 7). 


% 
Mn 56 
H.O+ 1.3 
0.5 
0.05 


Fic. 8. Hand specimen of cross-fiber seams of cryptomelane, Smartt Mine. 
Fic. 9. Thin section of cross-fiber cryptomelane (opaque) cut at right angles 
to the bedding. Clear areas are calcite. 
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Jacobsite “Boulders.” —These are rare, and so far only noted from the sub- 
outcrop at Annex Langdon. The masses are heavy, dull greenish-grey in 
color, and strongly magnetic. Microscopical examination reveals that jacobs- 
ite is dominant with some euhedral twinned hausmannite. The two minerals 
do not seem to have the intimate association as in true vredenburgite; they 
are distinctly granular and separate. Cryptomelane and rather more pyro- 
lusite in “moth-eaten” areas and veinlets are present. 

Partial analysis gave: 


or 


4641 
0.85 
0.3 

H:O+ 1.13 


Specific gravity 4.67. 


Fibrous Cryptomelane.—The seams of dull-brown cross-fiber that look so 
much like replaced asbestos fiber are a fascinating mineralogical curiosity. 
lhey are fairly abundant at Smartt but rather rare on Annex Langdon. They 
occur singly or as groups separated by thin partings of ore, varying from frac- 
tions of an inch to 2 inches in width, and are generally parallel to the bedding, 
although they may cut across it (Fig. 5). 

In hand specimen they exhibit features similar to those found in crocidolite 
asbestos seams. Thin bands of dull, brown, fine-grained ore pass obliquely 
across the seams and simulate the partings of magnetite in crocidolite seams 
(Figs. 8,9). In the deeper parts of the quarries the cryptomelane fibers are 
dull and dark brown, with calcite making up much of the seam. At the top 
of the deposit near the contact with the overlying sand, fibers are steel-grey 
pyrolusite, apparently pseudomorphous after cryptomelane, and are separated 
by a dark brown-black mineral replacing calcite. In these seams there are 
cavities filled with earthy brick-colored material and small granules of quartz. 
At intermediate depths in the quarry the cryptomelane fibers are only partially 
replaced by pyrolusite. 

Thin section examination clearly shows that the cryptomelane fibers have 
replaced calcite in seams of earlier formation, and there is evidence that some 
calcite crystallized later, between the fiber terminations and the containing rock. 
The fibers are commonly translucent, light brown in color and very slightly 
pleochroic. Sections cut vertically across the veins show that these fibers 
have grown out from the vein margins to replace the calcite in a manner that 
leaves oval and elongate patches of the carbonate (Fig. 9). Individual calcite 
grains may be separated by fibers but are in optical continuity. The texture 
of these partly replaced calcite veins is exactly the same as that of veins free 
of fibrous mineral. The appearance of some of the structures is reminiscent 
of wood cells, and typical of low temperature deposits (Fig. 10). Sections 
cut parallel to the contacts show that the fibers in cross-section are wrapped 
around oval or rounded “cores” of calcite (Fig. 11). Thin sections of the 
harder silvery-grey pyrolusite fiber seams are completely opaque—all the cal- 
cite has been replaced—and there are only a few grains of chalcedonic silica. 
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Fic. 10. Thin section of fibrous cryptomelane-calcite seams, showing “wood- 
cell” structure. Plane polarized light. 

Fic. 11. Thin section of fibrous cryptomelane-calcite seam, cut parallel to seam 
contacts. Plane polarized light. 

Fic. 12. Polished section of seams of fibrous pyrolusite pseudomorphous after 
fibrous cryptomelane. 


It was not possible to prepare satisfactory polished sections of the soft 
cryptomelane fiber seams, but the harder steel-grey pyrolusite fibers take an 
excellent polish. Under the ore microscope the arrangement of the pyrolusite 
fiber bundles is identical to that of the cryptomelane fibers in the calcite-fiber 
veins as seen in thin section, so there is no doubt that this is an example of 
perfect pseudomorphism by pyrolusite after cryptomelane (Fig. 12). The 
pyrolusite fibers, each one micron or less in diameter, exhibit an intense aniso- 
tropism in longitudinal sections. In cross-sections of the fibers, however, the 
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anisotropism is much weaker. The dull areas between fibers appear isotropic 
and have a reddish-brown internal reflection; they are probably a variety of 
psilomelane or cryptomelane. 

Fiber growth in individual seams is composite and suggests more than one 
period of formation. 

Not only do the fibers occur in seams, but also as on Annex Langdon, in 
tufts of purplish-brown flexible needles projecting into vugs. These needles 
have a moderately high refractive index and are length slow. 

A quantity of the softer, brown fiber seams was broken up into fine frag- 
ments and repeatedly treated in acetic acid of moderate strength until all the 
calcite had dissolved. After much water-washing, the carbonate-free powder 
was oven-dried. Hand-magnet treatment removed small amounts of iron-rich 
material. Portions of the sample were sent for X-ray, differential thermal, 
and chemical analyses and the results obtained are given in Table 1. 


TABLE 1 

1 2 3 
SiO: 0.61 absent 0.18 
TiO: 0.00 = none 
0.25 0.98 0.39 
0.92 3.42 0.19 
MnO: 77.66 79.94 87.09 
MnO 8.22 6.09 2.49 
MgO 0.35 0.16 0.07 
CaO 0.79 absent none 
1.95 0.74 0.48 
KO 1.53 5.95 3.10 
H.O+ 7.48 | 0,36 (above 120° C) 3.58 

trace — 
Ba 0.07 2.76 none 
99.82 100.40 99.94 
S.G. 4.19 at 20° C 4.35 4.17 


1. Cleaned cryptomelane fibers. Locality, farm Smartt, Kuruman district, South Africa. 
Analysis on sample dried at 105° C. Analysts—McLachlan and Lazar (carbon dioxide by L. 
Tonetti) 

2. Cryptomelane from Sitapar, Central Provinces, India. ZnO, CoO, WO; and P2Os 
absent (7) 


3. Cryptomelane. Total includes CoO, 0.08; ZnO, 1.69; HxO—, 0.60 (10). 


This new analysis resembles analyses of cryptomelane published pre- 
viously. The water content above 105° C has been shown to be non- 
essential in the structure (10) and probably behaves like zeolite water (3). 
The analysis was brought to a water-free basis and the formula calculated 
using 16 O to the unit cell is Mn}$s(Mno$2Cao.11.Mgo.o7) (Ko.2eNao,s)O16. 
Silica, alumina and iron oxide of small amount, have been regarded as 
admixed impurities. 

This formula compares well with that given for analysis 2 quoted above. 


(Bao.14Ko.96)Or6 
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TABLE 2 
1 2 3 4 5 6 
9.61 vs 965 vs | 9.37 s 9.7 60 
7.04 w 7.05 ms | 7.02 s | 6.92 20 | 6.98 40 
6.56 w 6.56 m | | 
| 4.92 | 496 ms | 491 20 | 407 39 | 
4.78  s(Br) | 4.79/ s(Br) | | | 4.84 50 | 4.85 60 
444 m 442 m | | 4.48 100 
4.20 m 4.20 m | 4.1 w | 
| 352 we | 3 w | 3.47 10 | 3.514 10 
| 54 20 
| 3.22 80 
| | 3.149 30 | 
3.11 w 3.12 w 282 60 | 3.110 go | 
| 3.097 30 
3.00 vw 3.02 vw | 3.065 20 | 
2.76 w 2.76 w | 2.71 ms | 
2.58 w | 2.59 60 
2.45 ms 2.45 m 2.46 10 | 2.481 30 2.5 60 
| | | 2.425 10 
2.40 ms 2.40 s 2.40 “ | 2.40 100 | 2.399 100 | 
2.35 ms 2.36 m 2.366 5 
2.200 w 2.22 m | 2.20 Ww 2.21 20 2.194 40 2.23 60 
2.17 w 2.16 m | 2.15 w | 2.16 20 2.170 30 
2.149 30 
2.21 w 2.1 40 
198 w 198 w 
1.92 w 1.92 w 193 40 
1.84 w 1.84 vw 1.84 60 | 1.843 40 
1.820 so | 
1.77 w 1.77 vw 
1.74 w 1.745 10 
1.723 10 1.72 40 
166 w 1.66 vw 1.684 10 1.67 60 
165 w 1.64 vw 1.64 20 1.654 80 
154 w 1.54 w/(Br) 1.55 vw 1.54 60 1.553 10 1.51 60 
1.535 20 
1.49 40 
143 w 1.43 ms | 1.43 vw 1.43 20 
1.41 w 141 w 
1.35 60 
1.39 w | 1.39 w 


1. Fine purplish-brown fibers from vug in manganese ore. Farm Annex Langdon 

2. Fibers freed from calcite by hand-picking. Farm Smartt 

3. Finely powdered fibers trom acetic acid digestion. Analysed specimen. Farm Smartt 

4. Cryptomelane. Ramsdell. Amer. Min., v. 27, 611 1942), A.S.T.M. card No 6-0547 

5. Cryptomelane. Mathieson and Wadsley, Amer. Min. y. 35, 99-101 (1950), AS TM 
card No. 4-0774. 


6. Montmorillonite anhydride) Bradley and Grim, Amer. Min., v. 36. 182 (1951), A.S.T.M 
card No. 7-304. 


Mathieson and Wadsley (7) suggest that the ideal formula is K,Mn.,O,, 
and that potassium is probably distributed at random and not of fixed amount. 
The best formula for the new analysis given above is KRMn,0O.,,. 

In 1932 Ramsdell (9) showed that psilomelane has two structures, the 
one high in barium, the other holding potassium with little or no barium, 
named cryptomelane and later said to be more common than psilomelane (10). 

The National Physical Research Laboratory, Pretoria, report that the d- 
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spacings of Debye-Scherrer patterns listed in Table 2 were measured on photo- 


graphs taken in a 114.59 mm camera using Mn-filtered Fe-radiation. Ex- 
posure times ranged from 16 to 23 hours. No shrinkage corrections could 
be applied but the error should not be more than 0.2 percent. 


Good agreement was found between some of the measured values and the 


d-spacings given by Ramsdell and by Mathieson and Wadsley. Additional 
lines on all the photographs might possibly be due to montmorillonite anhy- 
dride, which, if present, can only be of very small amount. 


The D.T.A. diagram (Fig. 13) is quite unlike those published for cryp- 


tomelane (5). Dr. T. L. Webb suggests that the exothermic effect between 
100° and 200° C may be due to oxidation of some constituent. 


<ENDOTHERMIC o EXOTHERMK > 


LEGEND.:...--- SAMPLE CRYPTOMELANE , 
AMPL. FACTOR <8. 
~---= DO), AMPL. FACTOR 
| 
12) 100 200 300 400 500 600 700 


TEMPERATURE 
Fic. 13. Differential thermal analysis curve of fibrous cryptomelane. 


Manganized Calcareous Footwall—On Annex Langdon the footwall and 


hanging wall are typical red hematite iron ore and banded ironstone, respec- 
tively. On Smartt the fine-grained hanging wall has the appearance of a 
manganized banded ironstone in hand specimen. Under the microscope, how- 
ever, it is composed of braunite with replacing pyrolusite, cryptomelane and 


psilomelane. It also contains calcite and quartz grains. 


analysis gave : 


A partial chemical 


SiOz 6.40 
Fe2O; 2.94 
CaO 12.79 
H.O+ 2.00 
CO: 12.20 
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The footwall is a hard, faintly bedded, dull black rock. Calcite is present 
in thin bands and lenses up to 5 mm thick, and as scattered small crystals. 
The rock has the appearance of a manganized carbonate rock. Microscopic 
examination shows that braunite, the predominant mineral with some replac- 
ing cryptomelane, is traversed by thin pyrolusite veins up to 45 microns wide, 
also associated with the calcite. There are thin veins of psilomelane or cryp- 
tomelane, small specks of hematite 2 microns across and traces of magnetite. 
The carbon dioxide content of typical specimens was found to be 9.8 and 10.6 
percent, corresponding to 22.3 and 24.2 percent of calcite. 

The manganese minerals in the rock. freed of calcite by acetic acid treat- 
ment contained 8.92 percent of total silica and 1.96 percent combined water. 
After digestion of the rock in hydrochloric acid the residue was gelatinous 
silica with only a few quartz granules. This confirms the predominance of 
braunite with much less of cryptomelane. Semi-quantitative tests revealed 
traces of both alumina and magnesia. 


ORIGIN OF THE MANGANESE DEPOSITS 


Although these manganese deposits lie along the northward extension of 
the thrust faults and the strike of the Postmasburg manganese ores, their geo- 
logical associations are entirely different from those at Postmasburg. 

It has been concluded that the manganese ores of the Postmasburg area 
were formed mainly during a period of uplift and erosion subsequent to the 
post-Loskop folding, thrusting and cataclasis. Metasomatic replacement of 
breccias and Gamagara conglomerates and shales by circulating waters under 
atmospheric conditions, produced the ores so closely associated with the dolo- 
mitic limestones of the Transvaal System. du Toit (2) and Nel (&) consider 
that these limestones that contain over one percent of manganese dioxide. were 
the source of the manganese. Extensive brecciation during the post-L skop 
orogenic period permitted weathering and rapid dissolution of the limestones, 
and released manganese which was subsequently precipitated and concentrated 
in the siliceous, argillaceous and cataclastic rocks. de Villiers (1) suggests, 
however, that the mineralizing solutions were partly magmatic, basing his 
conclusion on the ore textures and the presence of elements such as lithium, 
sodium, boron and fluorine. 

In the Kuruman area, the westerly dipping manganized rocks are part of 
the Upper Griquatown beds that overlie andesitic lavas. 

Quarrying and drilling have shown that the highest grade ores (hausman- 
nite-rich) are at or near the sub-outcrop, and that in depth along dip, the 
manganese content decreases until the ore becomes a highly manganiferous 
bedded limestone. It may be inferred, therefore, that the original sediment 
was a limestone containing some manganese. This limestone horizon con- 
tained little magnesia, unlike the older dolomitic limestones of the middle mem- 
ber of the Transvaal System. Dr. Boardman (verbal communication ) has 
suggested that contemporaneous erosion during and after gentle folding of the 
Campbell Rand limestones to the east, could have provided some of the mate- 
rial of the Upper Griquatown limestone horizon. Manganese from the Camp 
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bell Rand rocks dissolved in carbonated waters, was later precipitated in the 
form of pyrolusite or as the hydrous oxide mixture “wad” by oxidation in the 
younger limestone. The precipitate, a “gel” capable of absorbing alkali ions, 
would later crystallize. 

There were varying amounts of silica in the limestones, and layers of pure 
calcite alternated with others containing silica, either detrital or of chemical 
origin. 

The Upper Griquatown period of deposition was followed by gentle folding 
and erosion of the banded ironstones, manganiferous limestones, and lavas. 
Migration and concentration of manganese probably under atmospheric condi- 
tions continued thereafter. Potassium and sodium ions derived from the an- 
desitic lavas not more than one hundred feet below the lower manganese hori- 
zon, could have been absorbed by the wad from circulating waters at this stage. 
Lithium and barium are present as traces in the ores, although lithiophorite 
may be present in small amounts in the upper horizon, and suggests slightly 
more lithium. Thus the alkali elements in the ores need not have been 
brought in by magmatic waters. 

It is likely, therefore, that the limestones carried significant amounts of 
manganese prior to the Gamagara sedimentation. The original pyrolusite and 
wad were recrystallized and the latter dehydrated under diagenesis resulting 
from deep burial after the Loskop (Gamagara) deposition. Hausmannite in 
the purer calcite layers, and braunite and hausmannite in the strata containing 
silica, were formed under reducing conditions and at temperatures perhaps less 
than 500° C. There could also have been some migration of silica from the 
conversion of braunite to hausmannite under such conditions (6, p. 141). 
Bixbyite (sitaparite) was not identified with certainty in the specimens ex- 
amined, and may not have developed to any great extent because the tempera- 
tures reached were not quite high enough. 

It is not clear when cryptomelane, so abundant in certain areas, was formed 
—whether it was present from the first stages of mineralization, or whether it 
was an alteration product of hausmannite at times when alkali-bearing solu- 
tions circulated through the limestones. Mathieson and Wadsley (7) suggest 
that the mineral may form from a manganese dioxide mineral with intrusion 
of potassium ions. Substitution of ions causes distortion in the lattice and the 
only direction in which strain does not hinder growth is parallel to the c axis. 
This would explain the fiber growth in calcite veins. Water is absorbed 
slowly and probably behaves like zeolitic water. Cryptomelane is stable to 
temperatures near 520° C above which it changes to cubic Mn,O, (bixbyite) 
(3). Cryptomelane ores and fibrous seams together with other manganized 
layers displaced by small faults were recemented by later cryptomelane and 
pyrolusite (Fig. 5). If cryptomelane formed early in the history of the de- 
posits, temperatures would rarely have been higher than 520° C thereafter 
(3). It is not known at what stage magnetite crystallized, but its mineralogi- 
cal associations show that it developed earlier than the manganese minerals 
now present in the ore. Jacobsite formation may have been contemporaneous 
with that of near-surface hausmannite enrichment. 
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There is some iron enrichment in the banded ironstone footwall near sub- 
outcrop of Annex Langdon, but significant enrichments of banded ironstone 
like that of the manganiferous limestone in the area, have not yet been ob- 
served. 

The continuous, although somewhat flexed manganized horizons were 
broken into several separate blocks and wedges by the post-Loskop thrusting 
that cut obliquely across from the west. Some of these blocks, truncated on 
the west by the thrust planes and overridden by younger Gamagara rocks, 
were included in allochthonous masses. The more easterly wedges in the 
autochthonous mass were in turn overridden by the older, Lower Griquatown 
rocks (4) (Fig. 2). There is no evidence available at present to show that 
this thrusting affected manganese concentration. 

Near-outcrop enrichment must have taken place during the subsequent 
heavy erosion of the separated smaller masses and long strike sections of the 
manganese horizons. Hausmannite was extensively replaced by pyrolusite 
under these conditions. There was further deep burial after the deposition 
of the Dwyka tillite and overlying shales, on a surface which was already 
highly enriched. This enrichment is shown by a drill intersection through the 
tillite-ore contact at a depth of 900 feet below present surface (4). 

Extensive erosion followed the Karroo cycle of deposition, the pre-Dwyka 
topography was to some extent resurrected, and there was probably further 
near-surface enrichment. Replacement of fibrous cryptomelane by pyrolusite 
in seams just at sub-outcrop, may date from this period. Later the Kalahari 
rocks and sands covered the older topography, including the manganese out- 
crops, completely. Some migration of manganese is still taking place under 
atmospheric conditions below the Kalahari cover. 

From the above outline of the geological history and mineralogical changes, 
it is concluded that the ores in the limestones were not produced by magmatic 
waters but by the action of circulating meteoric waters. 


MINING ASPECTS AND GRADE OF ORE 


Kalahari deposits blanket the entire area in which the manganese ores lie 
and outcrops such as the conspicuous Black Rock are rare. Exploration car- 
ried out by magnetometric surveys and drilling has traced the manganese 
horizons below the cover of younger rocks (4), and has demarcated the areas 
in which the Gamagara and Karroo rocks had been removed by erosion from 
the manganese horizons in pre-Kalahari times. It is in these areas where the 
manganese and associated banded ironstones lie immediately below the Kala- 
hari deposits, that mining of the ores is at present being undertaken. 

The interbedded manganese, with gentle dip, is fairly uniform in thickness 
and continuous along dip and strike except, of course, where it has been 
thinned by erosion or has been cut across by thrust faulting. It offers a con- 
trast to the ore bodies of the southern fields around Postmasburg, which are 
commonly irregular in shape, occur in other formations, and lie on uneven 
floors of dolomitic limestone. 


|_| 
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The Kalahari cover of clays, calcrete, and sand dunes over the manganese 
sub-outcrop is commonly relatively thin. In the case of the deposits on Annex 
Langdon and Smartt, there is an average cover of about 12 and 25 feet re- 
spectively, but on Hotazel the sand is somewhat thicker. Sand and calcrete 
up to 20 feet thick over the ore-bodies can be removed cheaply by ordinary 
tramming methods. Slightly greater thicknesses can be dealt with by fleets 
of Tournapulls. Quarrying methods of mining can then be employed. Under 
thicker cover, the ores can only be won by underground methods. 

The physical properties of the ores are excellent from both the mining and 
transport aspects. Although they fracture easily, they are hard enough to 
stand up well to handling when railed or shipped. Drilling with tungsten 
carbide bits and judicious use of explosives reduces unsaleable fines to insig- 
nificant amounts. Large blocks are broken down to six-inch size by a sledge 
hammer. 

The mineralogical studies have shown that the composition of ore over a 
reasonable vertical thickness, strike length and for some distance down dip, 
is fairly consistent in any one locality. This is substantiated by systematic 
assay of shipments and stockpiles. A uniform grade can be maintained rela- 
tively easily, lower grade ore being eliminated by selective mining or by hand 
sorting, which is efficiently done by Non-European labor. 

A representative sample taken from a very large shipment of ore from 
Annex Langdon gave the following analysis shown in Table 3. 


TABLE 3 


(Sample dried at 105° C) 


MnQ): 72.71) SiO 1.13 

MnO 4.73) Mn 49.61 0.04 

FeO; 10.38 Fe 7.26 COs 0.40 

1.20 HO-4 4.30 

BaO 0.72 Cu 0.006 
CaO 0.81 S 0.003 
Me 1.00 As 0.00004°, Bi 0.01 

Naw 0.29 TiOs, Zn, trace 

K:20 3.22 V20s, LixO, Cr, Ni, Co, 100.949 


Pb, Mo, W, al! 0.00° 


Analysts—Messrs. McLachlan & Lazar 


This bulk composition is similar in many respects to the composition of 
the pure cryptomelane, and it shows, therefore, that the ore contains a very 
high percentage of that mineral. 

A much later shipment analyzed 49.38% Mn and 7.36% Fe and reflects 
the uniformity of the average grade (almost run of mine). The lowest grade 
ores are generally somewhat friable and rich in calcite, with a manganese con- 
tent between 21.7 and 35.8 percent. 

Braunite-rich ores seem to be associated with considerably more calcite 
than the hausmannite or cryptomelane varieties, which on the other hand hold 
significant amounts of water and alkalis. This makes the ore a fine self- 
fluxing variety, but it reduces the metal content and adds to shipping costs. 


MANGANESE ORES FROM KURUMAN DISTRICT, S. A. 597 


The amounts of iron (mainly magnetite with some hematite) increases sig- 
nificantly in certain enriched zones. Unfortunately, the fine-grained nature of 
the ore makes beneficiation by a cheap simple process such as magnetic treat- 
ment, impossible. 

Good all-weather roads are made from Kalahari calcrete laid on the sand, 
and movement of ore from mines to railhead is steady, except during the pe- 
riods of torrential rainbursts. 

The distance from Sishen railhead to Durban, the port of shipment, is about 
780 miles. An alternative shipment port, it has been reported, will be avail- 
able at Port Elizabeth, 660 rail miles from Sishen, which is to be equipped to 
handle massive manganese ores. 

The scale of operations on manganese mines in the area is to a large extent 
influenced by the number of trucks the Railway Administration is able to place 
at the disposal of the producers. The carrying capacity of the line from the 
railhead at Sishen in the iron-rich area, is limited, and a quota system has been 
devised, allocations being made by a Committee appointed for that purpose. 

In conclusion it can be confidently stated that the potential ore reserves in 
the Kuruman manganese field far exceeds that of the extensive deposits of the 
Postmasburg area, and it is anticipated that mining activity will continue to 
expand in the area. 


DEPARTMENT OF GEOLOGY AND MINERALOGY, 
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SULFUR ISOTOPES AND THE ORIGIN OF SANDSTONE-TYPE 


URANIUM DEPOSITS * 
M. L. JENSEN 


ABSTRACT 


An isotopic study of sulfide minerals associated with sandstone-type 
uranium deposits of the Colorado Plateau and Wyoming indicates S*/S™ 
ratios of these 57 samples varying between 21.93 to 23.32. The majority, 
however, exhibit ratios that are highly enriched in the lighter isotope com- 
pared to the ratio of primordial sulfur that is assumed to be similar in 
ratio to meteoritic troilites, which vary in ratio from 22.18 to 22.24. 

The samples are predominantly pyrite and marcasite, but chalcopyrite, 
covellite, and bornite are included, even though the sulfide mineral species 
appears to have no relationship to the specific ratio obtained. There is, 
furthermore, no indication of a difference between ratios obtained from 
sulfides collected within uranium ore zones in comparison to ratios of sul- 
fides occurring in either adjacent or distant barren uranium ground. The 
formations (Triassic to Eocene) from which the samples were collected 
have no obvious correlation with the ratios, nor does the presence or ab- 
sence of lignitic, woody, or other carbonaceous matter show any corre- 
lation with the ratios. 

The relatively broad spread of these high ratio values, especially of 
those samples collected from one deposit, is very suggestive of hydrogen 
sulfide derived from anerobic bacteria. It is suggested that sulfate waters 
(possibly both connate and meteoric in origin) in Mesozoic sediments of 
the Colorado Plateau area were reduced by anerobic bacteria to hydrogen 
sulfide when these waters encountered carbonaceous-rich zones that pro- 
vided an environment and energy source for the bacteria. The hydrogen 
sulfide may have remained where formed or may have migrated to locales 
barren of carbonaceous matter, but most likely did both. 

At a later date, about 60 to 75 million years ago, ore solutions moving 
through these more porous and permeable channels encountered the very 
effective reducing agent of hydrogen sulfide which brought about the con- 
centration of uranium through precipitation of the soluble uranyl ions to 
relatively insoluble UO, At the same time iron (and in some cases 
copper) sulfate was precipitated as relatively insoluble sulfides. 


INTRODUCTION 


DurinG the summer of 1955, a few specimens of pyrite and marcasite were 
collected from uranium deposits in the Monticello mining district, San Juan 
County, Utah. The S**/S* ratios of these samples were subsequently not 
only determined to be greatly enriched in the lighter isotope but also showed 
a relatively large spread in ratios determined from even closely-spaced speci- 
As these features are not at all characteristic of most magmatic hydro- 


1 Abstract (12) presented before the Society of Economic Geologists Annual Meeting, At- 
lantic City, November, 1957. 
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thermal deposits, an origin which is favored by many for the sandstone-type 
uranium deposits, it seemed logical to attempt a more extensive study of 
sulfides associated with these deposits with the hope that significant informa- 
tion might be obtained pertaining to their genesis. 

During a discussion of these preliminary results, Robert M. Garrels noti- 
fied me of the extensive suite of sulfides associated with uranium deposits that 
had been collected for the most part by Robert G. Coleman of the U. S. Geo- 
logical Survey, upon which samples a minor and trace element study had 
been made. A significant portion of this study, pertaining to the occurrence 
of selenium in these samples, has been recently reported by Coleman and 
Delevaux (5). 

Although the suite was no longer complete, Robert G. Coleman very kindly 
sent me fifty of his samples, the S**/S** analyses of which comprise the results 
of this study. 

Based upon these results, the thesis of this paper is that hydrogen sulfide 
gas, derived from anerobic bacteria, provided a reducing environment in 
which sulfide and uranium oxide minerals may have been precipitated from 
the ore-bearing solutions. 

Acknowledgment.—The project has been supported in part by the Na- 
tional Science Foundation Grant 3001, by the Shell Grant for Fundamental 
Research in Geology, and by Mr. Perry Bass of Richardson and Bass. As 
previously mentioned, the samples upon which isotopic analyses were per- 
formed were obtained almost entirely from Robert G. Coleman, although a 
few additional significant samples were obtained from Irving M. Breger, 
Alice Weeks, Robert M. Garrels, and F. W. Christiansen, to all of whom I 
am very grateful, not only for their assistance in providing samples but in 
offering helpful aid and critical comments about some of the ideas expressed 
in this paper. 


TECHNIQUES AND PROCEDURES 


The sulfide minerals were separated from the associated uranium and 
gangue minerals by Coleman and Delevaux (5) by a process that they describe 
as follows: The samples “were crushed fine enough to release the sulfide 
from the gangue material and then elutriated to remove the clay-size fraction 
(little or no sulfide was lost in the elutriate). The sulfide was then separated 
from the gangue by flotation, using a Mayeda cell (13). The advantage of 
the Mayeda cell is the small quantity of material that can be used. Satisfac- 
tory separations were obtained on 10-gram samples containing less than 
1 gram of sulfide. The sulfide concentrates obtained from flotation were 
then centrifuged in bromoform to remove the lighter gangue. 

For pyrite and marcasite, further purification of the concentrate was ef- 
fected by treatment with warm concentrated hydrochloric acid to remove 
oxidation products and carbonates; when silicates remained the concentrate 
was further treated with warm hydrofluoric acid. Tests have shown that 
pyrite and marcasite are unharmed by warm hydrochloric and hydrofluoric 
acid; however, the other sulfides analyzed, such as galena, chalcocite, and 
chalcopyrite, were not acid treated. The superpanner was used to effect 
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further purification with these sulfides. Almost all of the samples analyzed 
were at least 95 percent pure. X-ray and spectrographic determinations on 
each sample were made to determine what impurities remained, if any.” 

The process of separation of sulfides from gangue by use of the Mayeda 
cell has also been used on many samples in our laboratories with very satis- 
factory results. 

In preparation for the isotopic analysis each sulfide specimen was con- 
verted to sulfur dioxide by a standard procedure in which the sulfide was 
burned in a previously evacuated system at a temperature of 1,000° C ina 
stream of oxygen from a standard cylinder; the resulting sulfur-dioxide gas 
was dried by being passed through phosphorous pentoxide and collected in a 
liquid nitrogen trap before being transferred to a sample flask. The flowage 
and burning rates were controlled by means of bubble-counters, mercury 
manometers, and time schedules. The yield and purity of several samples 
was determined to be satisfactory through isotopic analysis by operation of 
the mass spectrometer in the analytical mode, during which time a scan was 
made of all m/e values between 1 to 100. As a further precaution all samples 
were checked for purity by comparing the mass 66 amplifier output with the 
same m/e peak voltage output of an equal volume of the standard sulfur 
dioxide gas. 

The instrument used is a double collector Model 21-401 Consolidated 
Electrodynamics Corporation mass spectrometer. The precision of the results 
was obtained by a repetitive rapid comparison of the sample ratio to the ratio 
of a standard sulfur dioxide gas; this cyclic procedure was repeated six times 
for each sample, which required a minimum time of twenty-four minutes to 
complete an isotopic analysis consisting of six alternating comparisons of 
each speciment with the standard gas. 

For purposes of comparison with other published S**/S** studies, all ratios 
are related to the common standard of troilite from the Cafion Diablo meteorite, 
which has a ratio of 22.21, and the precision of the results is + 0.02 in standard 
deviation or better. 

Although S**/S** ratios have been reported almost without exception as 
ratio values, 8%e values offer a more rapid visual connotation of the variation 
of samples from the standard. These values are given with the S**/S* ratios 
of each sample on Table 1 and are plotted as the abscissa of Figures 1, 2, and 3. 
The standard for the permil values is still, of course, Cafion Diablo troilite. 
5%e values were calculated from the following relationship : 


S®/S* (standard) —S*/S* (sample) 


6S* °/ 59> 
S®/S* (standard) 


«1,000. 


RESULTS 


The ratio results of the samples analyzed are listed in Table 1, both in 
S*/S™ ratios and 8%o values. The samples are arranged in groups accord- 
ing to the stratigraphic horizon from which the respective samples were col- 
lected, and with the exception of the miscellaneous samples, are listed by 


ne 


SULFUR ISOTOPES AND ORIGIN OF URANIUM DEPOSITS 601 


rABLE 1 


SULFIDES IN SANDSTONE-TypPE URANIUM Deposits 


Number! Minera!? Type? 


Geologic Location+ | 0/55 
Sulfides from Jurassic Sediments 
Morrison Formation 
Uravan District, Montrose County, Colorado | 
1 pyrite rf) North Star mine: mineralized sandstone } 22.70 —23.0 
Gypsum Valley District, San Miguel County, | 
Colorado 
5 pyrite B Pitchfork mine: sulfide from sheared zone 23.12 —41.0 


along axis of anticline, assoc iated with 
native sulfur 


Thomsons District, Grand County, Utah 
yyrite-marcasite Oo Little Eva mine: pyrite as interstitial material | 23.06 —38.3 
associated in part with carbonaceous matter. 


< 


Bull Canyon District, Montrose County, 
Colorado 
Mineral Joe mine: pyrite nodule with elonga- 22.51 —13.5 
tion parallel to the bedding, some oxidation. 
12 pyrite-marcasite B Mineral Joe mine: euhedral pyrite marcasite 22.73 -23.4 
nodule collected at bottom of second incline 
in dark gray clay. | 


2 marcasite 


J.J. mine: sulfide bleb in middle of large black 22 
pyrite 


irregular mass of mineralized rock 


23 marcasite- B J.J. mine: pyrite as nodules and veinlets in 2 —14.0 Fi 
pyrite green clay bed about two feet thick between 
ore sandstone beds, 


tw 
wn 


J.J. mine: pyrite in basal green mudstone near | 22 30 
contact with sandstone, finely disseminated 


as nodular growths. 


26.6 


Slick Rock District, San Miguel County, 
Colorado 
29 chaleocite Oo Tailholt mine: small elongate stringer in green | no a 
mudstone; carbonaceous material. output 
Grants District, Valencia County, New Mexico 
Woodrow Pipe mine: bre< cla pipe, banded 22.50 13.0 
Pyrite-pyrite cores show marcasite rims. 


Shannon Oil Company claims: sample is com 21.82 +176 
posite of several cores from barren Morrison 
fm below Lakota formation 


Entrada Formation 
Rifle District, Garfield County, ¢ 


Garfield mine: 


bor 


lorado 
vertical sulfide vein with car 21.93 +126 
eous pellets cutting vanadium layer, 


Todilio Limestone 


Grants District, Valencia ( ounty, New Mexico 

B F.O. Manol mine: oxidized pyrite in flat dis- 22.69 
coids in shaly lime horizon, pyrite in central 

portions is fresh. 


21.6 


les from Triassic Sediments 


Chinle Formation 


San Rafael District, Emery County, Utah 
66 marcasite 2) Lucky Strike mine No. 2: collected at end of | 21.97 
small drift away from main mine, occurring ; 
as shear plane fillings in green mu istone, pe ‘ 
troleum present oozing along fracture. 


Sulfide sample 
* X-ray identifi 
phenated with d 


and Delevaux (5 


‘rial, Quotation marks indicate impure samples; mixtures are hy 


ise "-pyrite; (parentheses) indicate trace amounts. 
+ Sulfides divid two type ilfides taken from uranium mineralized rock (usually containing 
greater than 0.01 ent OsOs), and B =sulfides taken from barren rock, 
* Geographic location of sulfide sample, mine from which collected, and cursory des ription of mineralogic 
and geologic occurrence of 


specimen as recorded on punched cards 7 


_ 
ear. 
pyrite | 
| 
50 
Tha 
| 
rite 


Number! 


Mineral? 


Sulfides from Triassic Sediments 


pyrite 
marcasite 
(pyrite) 


pyrite 


pyrite 


pyrite 
pyrite 
pyrite 


pyrite 


pyrite- 
ferrosilite 


pyrite 


pyrite 


pyrite-marcasite 


‘chalcopyrite”’ 


chalcopyrite 


chalcopyrite 


covellite-bornite 


pyrite 
pyrite 
bornite 


(chalcopyrite 


chalcopyrite 


chalcopyrite 


| bornite 


(chalcopyrite) 


pyrite 


Types 


B 


TABLE 
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1—Contlinued 
Geologic Location‘ 
Continued 
Lucky Strike mine No. 2: pyrite nodule in 


barren sandstone. 


Hidden Splendor mine: euhedral pyrite crys- 
tals occurring in green mudstone. 

Hidden Splendor mine: sulfides in carbona- 

ceous sandstone. 


Hidden Splendor mine: sulfide rich stringer 
containing pyrite, sphalerite and abundant 
pitchblende, pink floom. 


Hidden Splendor mine: large wood fragment 
impregnated with sulfides, pink bloom 


Hidden Splendor mine: sulfide with coalified 
wood. 


AEC No. 8 mine, Temple Mountain: sulfide in | 


mineralized sandstone associated with wood. 


AEC No. 8 mine, Temple Mountain: sulfide in | 


mudstone overlying thick conglomeritic bed, 
it is not associated with wood or mineraliza 
tion but it overlies the ore horizon from 
which sample 86 was collected. 


AEC No. 8 mine, Temple Mountain: sulfide 
stringer about six inches long in coarse sand- 
stone ore horizon, abundant cobalt bloom 
present, sandstone shows green stain 
possibly copper. 


AEC No. 8 mine, Temple Mountain: large 
pyritized log (2’ X6’) in overlying barren 
mudstone. 

White Canyon District, San Juan County, Utah 

Happy Jack mine: disseminated pyrite 


Happy Jack mine: pyrite nodule with wood 
Happy Jack mine: pyrite with wood in un- 
oxidized ore. 


Happy Jack mine: chalcopyrite with ore posi- 
tion uncertain. 


Happy Jack mine: chalcopyrite impregnates 
coarse grained sandstone, collected in new 
drift to the west of old workings 


Happy Jack mine: chalcopyrite in wood, 
collected in new drift. 


Happy Jack mine: rich seam of copper sulfides 
and uraninite. 


Blue Lizard mine: pyrite with wood. 


Blue Lizard mine: pyrite with wood. 


Blue Lizard mine: bornite and chalcopyrite 
collected from high grade pitchblende 
boulder on dump. 


Blue Lizard mine: wood fragment replaced by 
chalcopyrite and pyrite. Some pitchblende 
with secondary urano sulfate minerals 


Blue Lizard mine: chalcopyrite nodule. 


mined from bornite rich heading in new 
drift, in every case the bornite is associated 
with wood where it fills the shrinkage cracks. 
| Monticello District, San Juan County, Utah 
| MiVida mine: pyrite pseudomorph after car 
| bonaceous matter in horizontal log, north 
east side of drift. 


Gismo mine: collected on dump but probably 
| 
| 


23.14 
23.24 


no 


output | 


23.14 


| 
69 [= 4 | 23.02 | —36.5 
> 
| | 
7 77 a | B | | 23.14 | —41.9 
80 | Oo 23.12 | —41.0 
| 
| 
| 
| 
| 
86 | oO nnn 22.63 | —18.9 
| 
88 | | B Pn 23.02 | —36.5 
| 
103 a B | 23.04 | —37.4 
106 o |} 23.24 | —46.4 
| 
107 Pe B | 22.92 —32.0 
oO 23.32 —50.0 
110 | 22.78 | —23.4 
| | 
113 B —41.9 
114 a Oo —46.4 
115 oO = 
117 Oo 22.91 | —31.5 
123 oO 22.94 —32.9 
133 B | —41.9 


Number! 


134 


136 


138 


139 


144 


145 


146 


184 


1AB-41-57 
Breger 


\W- 138-53 
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TABLE 1—Continued 


| 
Mineral? Type? | Geologic Location | S2/S% 
Sulfides from Triassic Sediments—Continued 
pyrite Oo | MiVida mine: pyrite and pitchblende in hori- | 23.16 
| zontal coalified wood. 
| pyrite B MiVida mine: pyrite crystal in barren coalified | 23.27 
wood. | 
| 


| 


pyrite MiVida mine: associated with high grade ore, 


pitchblende in wood with pyrite. 
pyrite | O MiVida mine: little pyrite associated with 
abundant greenockite and high grade pitch- 


| no 
blende. 


output 


pyrite 2 MiVida mine: little pyrite associated with no 
greenockite and high grade pitchblende. 
Monument Valley District, Apache County, 
rizona | 
| pyrite as. Monument No. 2 mine: colle< ted in south ex- | 
| | tension of mine in Shinarump formation, 
occurs in nodules and lenses about one inch 
in diameter. 


pyrite | Oo 


Monument No. 2 mine: pyrite assoc iated with 
pitchblende, doloresite, sulfur (native) in 
blue-black ore pod, carbonaceous material 
present. 

pyrite Monument No. 2 mine: collected from North 
workings in sulfide impregnated sandstone. 


N 
ow 


Sulfides from Tertiary Sediments 


Wind River Formation (Eocene) 


Gas Hills District, Fremont County, Wyoming 
Lucky Mc mine: disseminated pyrite collected 
from silty sandstone bed about six inches 
thick. 


pyrite-marcasite B 


| 
23.28 


marcasite | B 


| Lucky Mc mine: abundant sulfide collected 
(pyrite) | 
| 


from core of solid gray sandstone drilled in 
bottom of pit. 


23.01 


marcasite- pyrite B Lucky Mc mine: collected from drill core in 


coarse arkosic sandstone. 


Lucky Mc mine: collected from dark high | 
grade coarse sandstone that contains streaks | 
of yellow and green secondary uranium 
minerals, 


| pyrite O 


Miscellaneous Samples 


Espinazo Volcanics (Oligocene) 
Santa Fe County, New Mexico 


La Bajada mine : massive sulfides and dispersed 
Organic, resinous appearing material. 


marcasite oO 23.03 


| 


Morrison Formation 

| Gypsum Valley District, San Miguel County, 
Colorado | 

Pitchfork mine: Sulfur occurs on joint surfaces 

and in small veinlets in highly fractured | 
sandstone near axis of anticline of Salt Wash 
member that rests directly upon Paradox 

| member of the Hermosa formation. Sulfur 

may, therefore, have been derived from the 

cap rock of salt plug in the underlying Para- 

dox member. 


native sulfur B 22.28 


| output | 


—44.6 


—48.2 


—28.8 


—37.0 


60: 
5S © /o9 
—42.8 
—47.7 
= | 
| 
= 7 
= | —20.3 
22.75 | —26.3 
| 
| | 
| | 
| 
 —36.0 
| 22.92 —32.0 
| | 
= 
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TABLE 1—Continued 


Mineral? | Geologic Location | 


Miscellaneous Samples— ontinued 


San Rafael District, Emery County, Utah 
pyrite Oo Vanadium King No. 7 mine: hand-picked and 
hand-cleaned sample from coalified log 
which contains organic sulfur and pyrite. 
(The chemical procedure of separating the 
organic sulfur in order to determine its iso- 
topic composition, has not yet been done.) 


Wind River Formation (Eocene) 


Gas Hills District, Fremont County, Wyo. 
(R. Garrels) pyrite Sarcophagus Butte. (No information on geo- 
244-RGC-S5S | logic occurrence.) 


Morrison Formation 


Slick Rock District, San Miguel County, 

| Colorado 

(R. Garrels) chalcocite Cougar mine. (No information on geologic 
96-RGC-S55A | occurrence. ) 


(R. Garrels) | chaleocite Cougar mine. (No information on geologic 
102-RGC-550 occurrence. ) 
Entrada Formation 


| Rifle District, Garfield County, Colorado 
(R, Garrels) galena | Rifle mine. (No information on geologic 


74-RGC-550 occurrence.) 


SULFIDES IN MAGMATIC HYDROTHERMAL URANIUM DEPOSITS 


Marysvale District, Piute County, Utah 

tiansen 700 level. Pyrite disseminated in granodio- 

rite. | 


F. W. Chris- pyrite | V.C.A, Bullion Monarch property, No. 2 Vein, | 22.31 — 45 
_| 


the same sample number used by Coleman and Delevaux (5) in their selenium 
study. The miscellaneous samples are listed by the names of the persons 
from whom the samples were obtained. 

Following the name of the mining district and mine from which the 
samples were collected, a brief description is given of the geologic and min- 
eralogic occurrence of each specimen, information that was obtained from 
the respective punched-cards (7) upon which data pertaining to each sample 
had been recorded by the collector. Table 1 also indicates the mineral species 
and the “type” of sulfide ; i.e., OO = sulfides taken from mineralized rock (gen- 
erally showing > 0.01 percent U,O,), and B = sulfides taken from barren 
rock. 

In order to provide a rapid comparison of these ratios to sedimentary 
sulfide ratios and to the presently known range (based on 14 samples) of 
S*/S* analyses (6, 23) of naturally occurring hydrogen sulfide of organic 
origin, a graphical representation is given by Figure 1. The height of the 
short line at a given ratio value is proportional to the number of samples that 
have the same value. In indicating the values of the sedimentary sulfides, 
the recent ratios reported by Vinogradov et al. (27) are indicated separately 
by lines located below the previously published sedimentary sulfide ratios 


604 
| 
I. Breger 23.01 —36.0 
(NA-1) | 
| 
| 
| 
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reported by Thode (24) and Kulp, Ault, and Feely (14). This was done, 
not because of any doubt about the accuracy or precision of the Russian ratio 
results or because of the lack of the same troilite sample as a standard for 
comparison of ratios, but because of the abortively brief geological and min- 
eralogical description of each of the 41 widely geographically scattered samples. 
The importance of an adequate description of the geological and mineralogical 
occurrence of specimens upon which isotopic studies are performed has been 
stressed repetitively (11). It may be possible that a sample described as 
“pyrite in clay, Kirov district” (from translation) did have a sedimentary 
origin, but with no further information given it might just as easily have had 
a hydrothermal origin. 


Cenozoic -Eocene — Wind River formation 


Cretaceous — 


Morrison formation 


Jurassic Sol < Entrada formation 


Todilto limestone 


Triassic — Chinie formation 


s*4/s** RATIO OF SULFIDES COLLECTED FROM URANIUM DEPOSITS IN 
COLORADO PLATEAU AND WYOMING 


Fic. 2. The spread of S*/S™ ratio values and permil values of sulfides collected 
from sandstone-type uranium deposits listed according to the stratigraphic horizons 
from which the samples were collected. Height of line indicating ratio value is 
proportional to the number of specimens having the same ratio 


Similar graphical representations are given by Figures 2 and 3. The 
former indicates the ratio values of the sulfides associated with uranium de- 
posits separated according to the stratigraphic horizon from which the samples 
were collected. The latter shows the spread in ratio values of those samples 
of which two or more were collected from the same deposit. The ratios are 
separated according to mine occurrence and the ratios are indicated as “O” 
(sulfide associated with Uranium mineralization > 0.01% U,O,) or “X” 
(sulfide occurring in uranium barren rock). 


1 
» | 
32,c34 40 60 aC 22 00 J 3 
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The miscellaneous samples include a heterogeneous but significant group 
of specimens that were contributed by several persons. One of these samples, 
obtained from Alice Weeks, is native sulfur that was collected from the Mor- 
rison formation, although the sulfur was derived, it is believed by some, from 
the cap rock of the salt plug from the underlying Paradox member. It may 
be more reasonable to suggest that it was formed by the following reaction: 
UO,* + H,S— UO, +S +2H*. Sample N2-1, collected and studied by 
Irving M. Breger, contains organic native sulfur (2), which has not yet been 


Lucky Mc Mine, Wyo 


Monument #2 Mine, Ariz 


Vida Mine, Utah 


Blue Lizard Mine, Utah 


Happy 


Jack Mine, Utan 


#8 Mine, Utah 


Hidden Splerdor Mine, Utah 


Lucky Strike Mine, Utah 


Mineral Joe Mine Co 


Oo < ULFIDES COLLECTED FROM URANIUM MINES AND PROSPECTS 
COLORADO PLATEAU AND WYOMING 


Key > = Ore, = Barren (<~0.0I% 


Fic. 3. S*/S™ ratio values and permil values of sulfides collected from ura- 
nium deposits of the Colorado Plateau and Wyoming. O= Ore, X = Barren 
(<~0.01% U;0Os). 


removed (by chemical means) from the sample although the ratio of the 
pyrite of the specimen is reported. The origin of the organic sulfur is not 
known definitely although it is believed to be non-mineral in nature. It is 
interesting to note, however, that the organic sulfur content is high in high- 
uranium content coalified wood but is low or “normal” in those containing 
less than 1 percent uranium. This relationship, determined by Irving M. 
Breger (3), is interpreted by him “to indicate that sulfur in some form 
(H,S?) entered with the mineralizing fluid and, under conditions of min- 
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eralization, interacted with the coal to produce organic sulfur constituent 
groups.” 

Unfortunately, only one specimen of generally undoubted magmatic hydro- 
thermal origin is included, a specimen from the Marysvale district, Utah. 
Attempts are being made, however, to obtain some sulfides from the intrusive 
rocks of the Colorado Plateau. The sample collected from the Marysvale 
district, which is located on the western edge of the Colorado Plateau, has 
a ratio of 22.31 which, interestingly enough, is within the range of sulfur 
ratios obtained for many of the base-metal sulfide deposits of the Basin-Range 
province, although admittedly one sample is of little if any significance. It 
will not be too surprising, however, to find that all sulfides from Marysvale 
have ratios near 22.3 


DISCUSSION OF RESULTS 


General.—The application of the specialty of stable isotopic ratio investi- 
gations to the study of the origin of mineral deposits is no panacea to the 
problems confronting the economic geologist, but instead is merely one more 
“tool” that is available to aid in determining the processes that have been 
effective in concentrating materials in the crust of the earth. 

No claim is made that these 57 samples represent a valid sampling of 
sandstone-type uranium deposits, but nevertheless it is possible to present 
certain hypotheses pertaining to the genesis of these deposits based upon ideas 
suggested by the results of this initial study. It is hoped, however, that con- 
tinued studies will provide further tests for the validity of these ideas. 

Discussion—Although it is evident that most of the samples analyzed for 
this study are significantly enriched in the lighter isotopes, i.e., S**, Table 1 
and Figures 2 and 3 indicate that there is, however, no correlation of ratio 
values with different mineral species, stratigraphic host rocks, or mineral 
deposits. The presence or non-presence of carbonaceous material, variation 
in the abundance of selenium, and the occurrence with uranium mineralization, 
in contrast to occurrences in barren ground (containing < 0.01% U,O,) are 
factors that have no apparent relationship to the sulfur ratios. 

The S**/S** ratio of meteoritic sulfur is remarkably uniform but does 
vary from about 22.18 to 22.24 (1, 16) ; terrestrial sulfur is presumably simi- 
lar, although it may differ slightly from meteoric sulfur (which is derived 
supposedly from the band of the asteroids) if there had been some fractiona- 
tion of isotopes in the “dust cloud” that provided the material for the formation 
of the planets by accretion during the formation of the solar system. Ault 
(1), for example, has suggested that primordial earth sulfur had a ratio of 
about 22.14, although this very interesting but statistical conclusion is based 
upon rather tenuous assumptions. Nevertheless, the ratios of sulfides asso- 
ciated with sandstone-type uranium deposits are notably lighter than either 
meteoritic or primordial terrestrial sulfur. These high ratios are, however, 
the outstanding feature of the study, and they are immediately suggestive, 
but certainly not diagnostic, of sulfur derived from hydrogen-sulfide of organic 
origin. 


F 
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On the other hand the relatively broad spread in high ratios of sulfides 
from the same deposit, especially contiguous samples formed contemporane- 
ously, is much more diagnostic of a sulfur source derived from hydrogen 
sulfide of organic origin. This reasoning is based both upon the spread in 
ratios of first, spatially closely related organic hydrogen sulfide samples and, 
second, upon juxtaposed sedimentary sulfides formed, it is believed, through 
hydrogen sulfide reacting with iron sulfate resulting in the precipitation of 
iron sulfide and the release of the heavy sulfur sulfate ion to the sea. 

Although the processes by which sedimentary sulfides form are not fully 
understood and are in need of further study, sulfur isotopic ratio studies have 
provided some information pertaining to these processes. The presence of 
hydrogen sulfide generated by anerobic bacteria in organic-bearing muds does 
seem to provide the reducing environment that could bring about the con- 
version of soluble sulfates to insoluble sulfides. As sulfates are generally 
enriched in S**, and sedimentary sulfides are commonly enriched in S**, as is 
also hydrogen sulfide, it seems apparent that the sulfur in sedimentary sulfides 
is derived from hydrogen sulfide, whereas sea-water sulfates derived from the 
released anion of the soluble sulfates are relatively heavy, having a ratio of 
about 21.76 (6). 

The ratios of sedimentary sulfides as indicated by Figure 1, do corroborate 
the above hypothesis in that the samples are generally enriched in S**. This 
relationship was more evident prior to the results of Vinogradov et al. (27), 
even though these samples also give an average ratio above the meteoritic 
standard. Admittedly, however, even though the specimens studied by Vino- 
gradov that bear low ratios are rare, there is certainly no reason why these 
heavy sedimentary sulfides should not exist. Rather heavy sulfate, even 
though it does undergo fractionation during reduction, may produce sulfur 
comparatively enriched in S** but still be relatively rich in S**, although less 
so. The probability, however, of sedimentary sulfides having low ratios is 
certainly less than the probability of sedimentary sulfides having high ratios. 

Convincing evidence of the fully expected fact that some anerobic bacteria 
are capable of utilizing the oxygen in sulfates through the reduction of sulfate 
to sulfide, resulting in the enrichment of S** in the sulfide, has been well 
demonstrated by experiments performed by Thode et al. (17, 22, 25) and 
Feely and Kulp (6). 

As the enrichment of S** in the sulfides associated with uranium deposits 
is high, in fact extremely high, data on the efficacy of fractionation of sulfates 
by anerobic bacteria must be considered. Experiments (6, 22) in which 
cultures of these bacteria have been grown under controlled conditions in the 
presence of sulfate and of course organic matter (as a food source), have 
resulted in the production of hydrogen sulfide that has been enriched in the 
lighter isotope to the maximum extent of 2.7 percent, this at a temperature of 
14° C. The majority of the experiments, however, resulted in an enrichment 
of S** in the sulfide of between 1.0 to 1.5 percent. In contrast, however, 
analyses of natural samples by Thode et al. (25) from Cyrenaica, North 
Africa, infer an isotopic enrichment of about 3.2 percent. They also reported 
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a possible enrichment as great as 4.5 percent of hydrogen sulfide over asso- 
ciated sulfate from well water in Ontario. 

Theoretically, however, even greater fractionation can take place. The 
partition function ratios for sulfate and hydrogen sulfide are as follows accord- 
ing to Szabo et al. (21) and Tudge and Thode (26) : 


0S®0 = = 1.088 at 25°C 


QH.S* 
QH.S® 
where Q represents the respective partition functions of the specific isotopic 


compound indicated. In the reduction of sulfate to hydrogen sulfide by the 
exchange reaction given below: 


+ H.S* = + 


= 1.013 at 25°C, 


the equilibrium constant is: 


K = oa = 1.074 at 25°C. 

A fractionation, therefore, as great as 7.4 percent is theoretically possible. 
Under a unidirectional process, which may be more likely during the slow 
migration of sulfate waters through permeable channels and past organic 
matter containing sulfate reducing anerobic bacteria, the fractionation may 
even approach 8.8 percent. 

At temperatures above 25° C, the fractionation will decrease. Sakai (20) 
has computed the partition functions of various sulfur compounds at tem- 
peratures of 25, 50, 100, 500, and 1,000° C. With this information a graph 
of the fractionation factors versus temperature for H,S/SO,* is given by 
Figure 4, which indicates the decrease in the fractionation factor with in- 
creased temperature.? The fractionation by anerobic bacteria is limited, of 
course, to temperatures below 100° C. The temperature factor is discussed 
in a following portion of this paper. 

These large fractionation factors strengthen the suggested origin of the 
high ratios reported in this paper. The establishment of this large fractiona- 
tion extent is important, especially because many of the ratios given in this 
paper are not only the highest yet obtained for sulfur-bearing material ( Speci- 
men 108 with a ratio of 23.32 is the highest S**/S** ratio measured for a 
mineral), but also because some of the closely associated sulfides that have 
been analyzed during this study have significantly lower ratios. For example, 
specimen 86 collected from the A.E.C. No. 8 Mine has a ratio of 22.63, 
whereas specimen 87, which “overlies the ore horizon from which sample 86 
was collected” has a ratio of 23.02. This is a percentage variation of about 


2 The partition function ratios at 25° C computed by Sakai (20) differ slightly from those 
computed by Tudge and Thode (26). 
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Fic. 4. Value of equilibrium constant versus temperature for the isotopic exchange 
reaction: + H.S* = S*O,¢ + (after Sakai). 


1.7 percent, which is quite reasonable, but the sample of lower ratio was pre- 
sumably derived from sulfate of an even lower ratio; assuming that it was as 
low as 21.82 (the lowest ratio obtained from a Colorado Plateau sulfide), the 
percentage variation between this and the higher ratio of 23.02 is about 5.5 
percent, still considerably below the theoretical values obtained by Szabo (21), 
but considerably above the maximum experimental value of 2.7 percent re- 
ported by Feely (6). 

It should be realized that the fractionation of the isotopes is the result of 
the isotopic reaction of the reduction of the sulfate to hydrogen sulfide. Any 
mechanism that can cause this reduction under equilibrium conditions will 
result in the same degree of fractionation. Sulfate-reducing bacteria are 
merely one natural agency by which this reduction occurs. It is evident from 
presently known sulfur isotopic studies and the computed fractionation factors, 
furthermore, that the process of reduction of sulfate to sulfide by anerobic 
bacteria does not take place under even approaching equilibrium conditions. 

The food or energy source of Desulfovibrio, by which generic name all 
sulfate-reducing bacteria are known, consists of organic compounds.* These 
bacteria can be expected, therefore, in almost any environment containing 
organic matter and sulfate solutions, e.g., soil, swamps, water-wells, oil-field 
waters, salt-domes, both mud and sand in sea-bottoms, and so forth. 

It is not unreasonable, therefore, to assume that sulfate-reducing bacteria 
became incorporated in, for example, the Salt Wash member of the Morrison 


3 Elemental hydrogen evidently can be utilized by some species 
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formation during the deposition of this member. Organic matter present in 
the form of logs, stems, twigs, roots, leaves, or carbonaceous “trash” pockets 
in portions of the sandstone channels provided a food supply for these bac- 
teria. Sulfate waters of either or both meteoric and connate origin could have 
been reduced by these organisms and hydrogen sulfide thereby liberated. 
Some of the early formed hydrogen sulfide may have migrated through the 
sandstone short distances into shale or clay horizons which, if iron sulfate 
solutions were then encountered, provided the reducing agency for the forma- 
tion of sulfides (where, in fact, some sulfides are found) at a rather early 
stage. Incidentally, even though this indicates a lack of contemporaneity in 
the formation of the sulfides in barren rock versus sulfides associated with 
uranium, there is still little reason why there should be any difference in the 
ratios of the samples in as much as all of the sulfur had the same origin. 
Much of the hydrogen sulfide, however, may have remained until a later time, 
approximately 60 to 75 million years ago, before reacting with uraniferous 
solutions, which possibly were squeezed out of the overlying volcanic-ash-rich 
Brushy Basin member (29) into the more porous and permeable channels of 
the Salt Wash member, through which they migrated until hydrogen sulfide 
locales were encountered. The soluble U** ion would then be reduced to the 
insoluble U** ion, and ferrous sulfate solutions would react with hydrogen 
sulfide to form iron sulfides. If the solutions were unusually rich in copper 
sulfate, admittedly not a common condition but certainly quite possible, copper 
sulfides would naturally be concentrated by the hydrogen sulfide (a Ja Happy 
Jack deposit) and these copper sulfides would exhibit the typically high ratios 
comparable to iron sulfides of the province as for the Happy Jack deposit 
they, of course, do. It is somewhat of an enigma why many economic geol- 
ogists assert that dense, massive, and crystalline sulfides have formed from 
magmatic hydrothermal solutions when these same persons are quite aware 
of sedimentary sulfides having the same features. 

Although it is well known that lignitic, woody, or carbonaceous material 
is effective in concentrating uranium (8), the presence of uranium in an area 
where there is a lack of carbonaceous material is not easily explained. It 
might, however, be explained by the presence of hydrogen sulfide that had 
migrated from the locale of the organic food supply needed by the anerobic 
bacteria, to an organic barren zone. In so doing, it thereby provided the 
reducing environment for the concentration of a uraniferous deposit, even 
though there may now be no evidence of the cause of the reducing environ- 
ment as the hydrogen sulfide is no longer present. 

An example where the hydrogen sulfide is now present is offered by the 
numerous occurrences of uranium oxide deposits in the Wind River forma- 
tion, Gas Hills district, Wyoming, where uranium mineralization is not gen- 
erally accompanied by plant carbonaceous material; in fact, the material is 
mostly missing in much of the best ore. 

Gas seeps, however, are prevalent in the area from which hydrogen sulfide 
is escaping into the atmosphere. It is believed that at the north end of the 
Gas Hills anticline, where several seeps are present, the gas is derived from 
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the underlying Frontier formation, which is known to be a reservoir rock for 
oil and gas in this area. 

It is interesting, therefore, to quote from an excellent study of this area 
by Eugene Grutt (10), wherein he suggests that “under the conditions occur- 
ring in the Gas Hills area, evidence suggests that hydrogen sulfide may be 
mainly responsible for the formation of important uranium deposits, because 
plant carbonaceous material is not abundant, and even when present it is 
not always mineralized even though in or near uraninite ore deposits” (10, 
p. 5). Four iron sulfide samples (nos. 179, 182, 183, and 184) from the 
Lucky Me mine, Gas Hills district, were isotopically analyzed and have 
“typical” (for this study) S**/S™ ratios varying between 22.85 to 23.28, 
which if I may be permitted to be redundant, are remarkably high in ratio, 
spread over a broad range, and are therefore quite suggestive of sulfur de- 
rived from hydrogen sulfide of organic origin. It will be interesting to deter- 
mine the S**/S** ratio of not only the hydrogen sulfide gas from these seeps 
but the abundant finely-divided ferrous sulfide that forms below the water 
surface in the seeps by a reaction between ferrous sulfate and hydrogen sulfide, 
which as I have already suggested is probably the same reaction that has 
formed most of the sedimentary sulfides and the sulfides associated with sand- 
stone-type uranium deposits. The analyses will be even more interesting if 
ratios can be obtained from the sulfate that should also be present in the water. 

Grutt, of course, for excellent reasons, postulates a petroleum origin for 
the hydrogen sulfide gas. Because of the widespread occurrence of some 
uranium throughout almost all of the plateau area, even though petroleum is 
much more prevalent in portions of the Colorado Plateau than previously 
realized (the Aneth region, for example), it is still much more reasonable to 
infer that the food for the bacteria was not petroleum but was, instead, the 
almost ubiquitous plant carbonaceous‘ matter that is present in these beds. 

As the Gas Hills deposits may be of relatively recent origin, maybe even 
Pleistocene, it is significant that hydrogen sulfide is present at this opportune 
time. 

In contrast, the deposits of the Colorado Plateau were formed from 60 to 
75 million years ago in sediments of camparable to almost three times these 
ages. It seems reasonable, however, to believe that anerobic bacteria began 
to produce hydrogen sulfide as early as during diagenesis of the sediments. 
With continual burial and covering of the sediments, the environmental condi- 
tions of temperature and pressure gradually increased. 

As well as can be determined, pressure seems to have little bearing on the 
environmental conditions in which anerobic bacteria have been found to occur. 
Survival of bacteria at pressures of 6,000 atmospheres has been shown (15). 
Zobell and Anderson (30) report that these organisms occur at depths of 
2,000 meters of water, and Carey and Wakeman (4) have recovered bacteria 
from sea muds at depths as great as 5,000 meters with no effect on the organ- 
isms, indicating that neither this great hydrostatic pressure nor its release, 

4 Hydrogen sulfide is created in abundance during the compaction and conversion of plant 
material to peat, lignite, and coal, but even considering the abundance of coal in the plateau 
it is still much more limited both stratigraphically and areally than is uranium 
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by bringing them to the surface, affects the viability of the bacteria. Finally, 
Zobell (32) has reported the recovery of bacteria from samples collected in 
the Philippine Trench from depths greater than 10,000 meters. Furthermore, 
these barophilic bacteria thrive better during incubation periods at 1000 atmos- 
pheres than at 1 atmosphere. 

Increased temperatures, however, are a different matter but data on this 
factor are sparse. Zobell et al. (31) have found that some hydrocarbon 
oxidizing bacteria are active at temperatures as low as 0° C, and others thrive 
better at 55° C than at 20° C, although most marine bacteria do prefer tem- 
peratures between 0 to 4° C. Zobell does suggest, however, that “there must 
be other places in nature to find hydrocarbon oxidizing bacteria which tolerate 
higher temperatures than those which occur in the sea,” and he refers to a 
paper (19) in which aerobic bacteria are reported to be widely distributed in 
environments having temperatures ranging from 45 to 85° C. 

Assuming an average geothermal gradient of about 30° C/km for the 
Mesozoic sediments of the Plateau during early Cenozoic time, the tempera- 
ture of formation of some of the sandstone-type uranium deposits, covered by 
about 10,000 feet of overburden, must have been in excess of 100° C. It is 
doubtful that anerobic bacteria could exist at this temperature. Before this 
condition was reached, however, it is certainly possible that hydrogen sulfide 
had been produced in some abundance throughout a long period of time. Inci- 
dentally, hydrothermal connate solutions at this temperature should be capable 
of producing evidence of hydrothermal alteration especially in arkosic sand- 
stones. I cannot agree, therefore, that wall rock alteration associated with 
some sandstone-type uranium deposits is proof of a magmatic hydrothermal 
origin as claimed by some investigators. 

As the period of mineralization is subsequent to the formation of hydrogen 
sulfide, the possible escape of the gas from the sediments before mineralization 
should be considered, even though there is no more difficulty in retaining the 
hydrogen sulfide gas within these strata than in retaining hydrocarbon gases 
within reservoir rocks in suitable oil-traps. Sour crude oil, of course, con- 
tains hydrogen sulfide which has not escaped, even though the oil producer 
may prefer that it had. 

As further evidence in partial support of the thesis of this paper, the 
reader should be reminded that Gruner (9) has demonstrated the efficacy of 
hydrogen sulfide as a reducing agent in precipitating uraninite from a uranium 
solution. Miller (18) has reported similar results. Grutt (10), further- 
more, reports that “the precipitation of uranium as uraninite from solutions 
by the reducing action of hydrogen sulfide was verified” by the Colorado 
School of Mines Research Foundation. It might, parenthetically, also be 
noted that this Foundation not only determined “that the presence of ferrous 
ion was a definite factor aiding precipitation, but experiments using the nat- 
urally-formed, finely-divided ferrous sulfide collected from the Gas Hills seeps 
demonstrated that ferrous sulfide alone in an inert atmosphere could not pre- 
cipitate uranium from solution. They also determined that natural gas with 


hydrogen sulfide removed had very little effect in precipitating uranium from 
solution.” 
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The establishment, therefore, of hydrogen sulfide as an effective reducing 
agent, capable of precipitating uraninite from uranium solutions, is apparently 
well established. 

I am indebted to R. M. Garrels for suggesting the possibility of a more 
effective reducing agent, viz., hydrogen which might be provided by hydrogen 
sulfide and ferric oxide reacting as follows: 


4H,S + Fe,O, > 2FeS, + H, + 3H,O 


Note that this reaction also explains the lack of the characteristic reddish color 
of the sediments associated with sandstone-type uranium deposits, as the cause 
of this color, ferric oxide, is reduced to ferrous sulfide. 


CONCLUSIONS 


No attempt is being made to claim the omnipotent importance of hydrogen 
sulfide or organic origin as the sole precipitating agency that resulted in the 
formation of the thousands of sandstone-type uranium deposits of the Colorado 
Plateau. At the same time, however, it is possible that the effectiveness of 
the role of this agent may not be as well accepted nor appreciated as is war- 
ranted. It is hoped, however, that the results and discussion of this isotopic 
study have provided evidence for hydrogen sulfide in forming some, if not 
many, of these sandstone-type uranium deposits. 


LABORATORY OF Economic GEOLOGY, 
YaLe UNIVERSITY, 
New Haven, Conn., 
Mar. 15, 1958 
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SCIENTIFIC COMMUNICATIONS 


SOLUBILITY PRODUCT AND ORE PRECIPITATION 


In considering the application of the solubility product to problems of 
ore genesis Verhoogen (1949) assumed two salts CA and KB with solubility 
products (SP;)-, and (SP1)x», respectively, at temperature T,, and 
and (SP2),, at the temperature T>. 

By the application of solubility product principles if CA precipitates at 
T, and KB does not precipitate then, 


(C)(A) 2 (SPrdea 
and 
(K)(B) < 
or 
(C)(A) (SP idea 
(K > (1) 
(kK) (B) (SPi) 


where (C) etc. is the concentration of C ete. 
Further, if at the higher temperature T, the solution is just saturated 
with both CA and KB, then 


[CIA] _ (SP2)ea 


[K][B]  (SP2)x.’ 


where [C ] etc. is the concentration of C etc. at To. 
Verhoogen then assumed that (C)(A)/(K)(B) = [C]J[A]/[K][B] and 


substituting into (1) obtained 


(SP2)ca (SPiea 3) 
= (: 

(SP2)xp (SPi) 

He pointed out that if (3) is satisfied then CA will precipitate alone at T;, 

if not then KB precipitates alone or neither precipitates. CA and KB 

precipitate together if 


(C)(A) > (K)(B). 


Verhoogen’s analysis thus indicates that it is the ratio of the SP’s rather 
than their absolute values that determines the order of precipitation, so 
that if the ratio of the SP’s at T-: is greater than at T;, then CA will pre- 
cipitate at T, even though it might have the larger SP He shows that for 
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the particular case of ZnS and PbS, 


(SP 400) (SP 00) zas 
= = 8.7-105 
(SP 400) Pbs (SP i00 )pos 


= 0.4-10° 


and suggests that ZnS would precipitate alone at 100° C from a solution 
that had been saturated with both salts at 400° C. 

It is an observed fact that ZnS does precipitate before PbS in hydro- 
thermal deposits in spite of its greater solubility. Nevertheless free energy 
considerations would preclude the substance with the higher solubility 
product precipitating first. A closer examination of Verhoogen’s treatment 
reveals the following. In substituting (2) into (1) he has assumed that 
(C)(A) = [C][A] and (K)(B) = [K][B]. In fact, if (C)(A) just equals 
(or slightly exceeds) the SP at T,; then it can only also equal it at T» if the 
solubility of the salt does not vary between T, and T,. Also, if (K)(B) <SP 
at T for it to equal the SP at the higher temperature T, then the salt must 
decrease in solubility with increase in temperature. 

Equation (3) will not be valid unless both these variations of solubility 
with temperature hold true. The ratios of the SP’s certainly vary, but this 
variation cannot be related to precipitation as done by Verhoogen except 
under these special conditions. 

Thus these SP relations do not explain why ZnS precipitates before PbS 
and the precipitation must be controlled by other factors such as the pH of 
the precipitating solution, complex ion formation, precipitation from the 
vapor phase etc. 

NORMAN STREET 

Univ. oF ILLINot!s, 

UrBana, ILL., 
March 20, 1958 
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LOCALIZATION OF ORE DISTRICTS 


In 1941, Billingsley and Locke (1) concluded that “the position of dis- 
tricts (ore) has been determined by the patterns of North American orogenic 
belts which make crossroads in the Rocky Mountains and blocks of super- 
imposed deformation in Sierra Nevada, Northwest Coast and Canadian Coast 
Ranges.” 

Menard (3) has described four great “fracture zones” which follow great 
circle routes in the northeastern Pacific Basin. The zones, about a mile high, 
range from 1,400 miles to 3,300 miles in length and have an average width of 
60 miles. Three of the “fracture zones” can be traced on to the North Ameri- 
can continent. One, the Murray fracture zone cuts the coast line near Los 
Angeles and its continental continuation is the Texas Lineament of Moody and 
Hill (4). Menard postulated that a “fracture zone” would pass onto the 
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North American continent at the Olympic Peninsula. The Couer d'Alene 
lineament is probably the eastern continuation of this postulated “fracture 
zone.” Major ore deposits are grouped along and near the lineaments. 

In Peru a regional change in the strike of folded rocks between Huanca- 
velica and Morococha is about 650 miles from a pronounced strike variation 
in the Jequetepeque valley. These regional changes in strike are locii of ore 
deposition. Possibly large fracture zones similar to those described by 
Menard are present in the Southeastern Pacific Basin and the regional changes 
in strike of folds on the mainland represent the eastern continuation of the 
fracture zones. 

Brongersma-Sanders (2) correlated the occurrence of redwater and maxi- 
mum fish mortality to the upwelling of cold ocean currents. Along the 
western coastline of the Americas Brongersma-Sanders recorded maximum 
fish mortality at latitudes that correspond to the places where “fracture zones” 
and probable “fracture zones” cut the coastline. 

More data is needed but it is the writer’s opinion that the “fracture zones” 
form the deep ocean trenches that localize upwelling and are major factors in 
the shaping of orogenic belts, and consequently the pattern of ore districts. 

H. J. Warp 

97 ULLapoot Roan, 

Mount PLEASANT, 
WESTERN AUSTRALIA, 
April 18, 1958 
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DISCUSSIONS 


ON THE OCCURRENCE OF URANIUM IN 
ANCIENT CONGLOMERATES * 


Sir: It is difficult to analyze the publication of C. F. Davidson “On the 
occurrence of uranium in ancient conglomerates,” Econ. Grot., Vol. 52, 
p. 668-693, 1957. A paper that confronts facts with “considerations of 
mineralogy and geochemistry” has the character of a theosophical controversy, 
especially if the “considerator” has had no weighty experience in this field. 

One is surprised at the energy and expenditure of time spent by a pro- 
fessor to display his negativistic attitude toward certain microscopic observa- 
tions. One should, however, be disconcerted about misquotations of the litera- 
ture, and I shall discuss only some of these. More could be pointed out. 

Page 677, line 16 from bottom : Davidson claims that I (p. 41 of my paper ) 
have said: that “the whole detrital” assemblage was derived from the erosion 
of an infinite (unendlich) number of hydrothermal veins, probably from an 
array of veins of several different paragenetic types” (translation by David- 
son). This “quotation” evidently should cause disagreement between Lieben- 
berg and me. But this statement of Davidson is unfortunate as he does not 
quote my whole sentence, which is very carefully worded: Die Herkunft der 
Elementparagenese scheint mir eher polygen als von einem Gangtypus ableitbar 
zu sein” (The origin of the primary (7?) paragenesis appears to be more 
complex than derivable from only one type of vein. J. W. G.). After 
enumeration of the plausible possibilities of paragenesis I emphasized ex- 
pressly : “But we know nothing about it.” 


Page 679, first line: Davidson says “Thus he claims repeatedly and une- 
quivocally that uraninite and thucholite are restricted to the bottom of the 


” 


reefs.” In my paper I say, indeed, in many places that the principal enrich- 
ment of uraninite and gold occurs mostly in the lowest horizons (a matter 
which is so well known that it is almost trivial to mention again). But I also 
state in nearly all places (e.g., pages 14, 22, 25, 29) that this is a rule to 
which plenty of exceptions exist. I even picture such a case (Fig. 8, Plate IT). 

Page 679, line 7: “Ramdohr even casts doubt on an observation (by the 
consulting geologist!) that Babrosco thucholite may be concentrated not solely 
at the base of the reef, but at the top, the middle or the bottom.” As a matter 
of fact, I say exactly the opposite, that I do not doubt his statement though 
it may apply only locally and certainly must not be thought the normal 
occurrence. 


1 Translated by John W. Gruner, University of Minnesota. 
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Page 681, middle: “Ramdohr, who previously (54, p. 821 [this refers to 
his book “Die Erzmineralien und ihre Verwachsungen,” Edition 1950] ) listed 
ilmenite and magnetite as typical of the Rand paragenesis, now shows that 
magnetite has very rarely been preserved and ilmenite only rarely.” It is 
true that magnetite is mentioned here in connection with Witwatersrand. This 
reference at this place is, however, a part of the index of my book in which 
the minerals and their relations to the deposits, and vice versa, are enumerated. 
It refers to page 168 of my book where it is expressly stated and illustrated 
that the original magnetite of the Black Sand occurs now only as pseudo- 
morphs of pyrite after magnetite which is exactly what I show in Figures 20, 
21, 22 and 23. 

Page 681: It is asserted that I had stated that rutile had migrated into 
the footwall (“is said to have migrated considerable distances even into the 
footwall” C. F. D.). This statement cannot be found in my paper. Regard- 
ing the migration of rutile, I merely said that originating from relatively large 
accumulations it migrates in some cases into pyrite pebbles perhaps to a depth 
of one millimeter. Personally I do not call this “considerable” distance, but 
this is a relative term. 

Davidson evidently attempts by giving page numbers, to suggest to the 
reader that he does not need to look up the original (a relief for readers who 
do not understand German), and in this confidence, he (Davidson) may 
translate my passages in a suitable manner. 

I am always willing and ready to submit my findings to anyone. I know 
that the described facts will stand up under critical scrutiny and probably be 
convincing arguments in this problem of genesis. 

A prerequisite for such an examination and study is, however, that the 
person concerned has a fair knowledge of microscopy and mineralogy—one 
does not like to read Homer with someone who does not know the Greek 
alphabet—also the person must not be prejudiced in favor of his own ideas. 

A comparison of the ores of the Witwatersrand, of Blind River, of the 
Dominion Reef, and of occurrences similar to these is the subject of an exten- 
sive paper which will probably go to the printer in April; in addition an almost 
word for word translation into English of my first Witwatersrand paper will 
be published shortly ; these will give readers of English a first hand acquaint- 
ance with my work and will enable them to form an independent judgment in 
these controversies. 

Paut RaAMDOHR 

UNIVERSITY OF HEIDELBERG, 

GERMANY, 
March 20, 1958 


ON THE OCCURRENCE OF URANIUM ANCIENT CONGLOMERATES 


Sir: In his article, “On the occurrence of uranium in ancient conglom- 
erates” (THis JouRNAL, v. 52, p. 668-693, 1957), C. F. Davidson’s con- 
siderations of statements made by us in another reference (G. S. A. Bull., 
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v. 67, p. 1663, 1956) were somewhat inconsistent and erroneous. He cited 
the above mentioned reference of ours as the basis for saying, “In all normal 
sedimentary rocks (phosphorites, marine black shales, and some limestones 
excepted) the thorium content is much in excess of the tenor of uranium; 
and in highly weathered sediments such as sandstones and conglomerates 
the thorium:uranium ratio is commonly 10:1 or more.” Referring to the 
uranium and thorium contents in Precambrian banket reef sediments, Mr. 
Davidson wrote, “More recently Adams and Pliler have maintained that the 
high uranium:thorium ratio in such sediments is indicative of the presence 
of a reducing atmosphere in Precambrian times. This circle of argument 
has validity only if the uranium is alluvial, and this demands acceptance as a 
truism of the very point that is in dispute.” Actually, in our reference the 
banket reef deposition dispute was not referred to at all because our main 
interest had been in limestones and shales. We stated that more recent 
sediments show a wide range of thorium:uranium ratios and that, if weather- 
ing under the early Precambrian atmosphere did not oxidize uranium, a much 
smaller range of thorium:uranium ratios might be expected to some extent 
in all types of sediments. 

The reference in question is an abstract and by its very nature is perhaps 
vague. However, we would call attention to the title of the abstract, “The 
Geochemistry of the Actinides as a Possible Clue in Interpreting the Devel- 
opment of the Earth’s Atmosphere.” A more recent and complete discussion 
of thorium and uranium in Cambrian and subsequent sediments appears in a 
recent article (Bull. A.A.P.G., v. 42, 1958) by J. A. S. Adams and C. W. 
Weaver entitled, ““Thorium-to-uranium ratios as indicators of sedimentary 
processes: Example of the concept of geochemical facies.” 


Dept. oF GEOLOGY, 
Tue Rice INstITUTE, 
Houston, TEXAS, 


Apr. 5, 1958 


Joun A. S. ADAMs 
RICHARD PLILER 


ORE GENESIS—THE SOURCE BED CONCEPT 


Sir: In connection with C. L. Knight's article (Econ. GEot., v. 52, p. 808- 
817) proposing a Source Bed Concept of Ore Genesis, recent regional mapping 
of a mineralized area (Luiri Hill) some 150 miles southwest of the Northern 
Rhodesia Copperbelt has re-affirmed that metamorphism of the Katanga Sys- 
tem (to which the Copperbelt host-rocks belong ) increases southward towards 
the post-Katanga granite exposed in the Hook of the Kafue River. The 
monzonitic margins of the granite have assimilated major amounts of lime 
from the adjoining Middle Katanga limestone. Carbonate beds have been 
altered to calc-flinta at igneous contacts. Large-scale iron metasomatism has 
produced iron-rich skarn-rocks and contact metasomatic iron-oxide bodies in 
a scapolite-rich contact zone. These bodies are high-temperature products 
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containing much magnetite with local apatite and interstitial thorite. They 
are abundant in a narrow zone about 100 miles in length known | cally as the 
Lusaka-Mumbwa ironfield. Drilling has proved that these iron oxides are 
veined by pyrite and chalcopyrite. 

Thirty miles northeast of the magnetite-monzonite zone, specularite per- 
sists in fault and shear zones, and many quartz and carbonate veins contain 
copper and iron sulfides accompanied by minor gold and silver. Adjoining 
this cupriferous zone to the southwest, a highly greisenized and tourmalinized 
gold area of about 140 square miles contains much auriferous pyrite in quartz 
veins, with subsidiary chalcopyrite, silver, and bismuthinite : faulting and 
lithological contacts have strongly favored ore concentration at the Matala and 
Dunrobin gold mines. 

Concerning the cupriferous zone, some geologists have commented upon 
the close similarity between the copper-bearing Katanga shales at the (abor- 
tive) Lewis Mine and the Copperbelt ore-shales, inferring that the former 
must also be of syngenetic origin. The results of recent regional mapping 
(Rept. No. 4, Geol. Surv. of N. Rhod.) and commercial drilling (op. cit. ) 
do not support this inference however. The Lewis and nearby copper pros- 
pects occur near the distorted prow of an isoclinally-folded syncline where 
copper sulfides are dispersed in numerous shear zones, some of which (e.g. 
Lewis Mine) cut the bedding at such low angles as to cause a resemblance 
to truly bedded deposits. From the aspect of ore-concentration, the relatively 
undisturbed portions of the north limb have proved more favorable than the 
distorted prow of the syncline: a sub-economic ore-body has been traced for 
several miles along a constant stratigraphic horizon on the north limb. 

In this case, Daly’s Hypothesis suggests the basis of a theory of ore-genesis 
that seems more in accordance with the broader field evidence than does the 
Source Bed Concept. 


KENNETH A. PHILLIPS 


GEOLOGICAL Survey, NortHERN Ruopesia, 
Lusaka, N. 
Feb. 11, 1957 


ORE GENESIS—THE SOURCE BED CONCEPT 


Sir: The presentation by C. L. Knight of his source bed concept of ore 
genesis, in Economic GroLtocy for November 1957, includes the Bathurst 
copper-lead-zinc field of New Brunswick, Canada, as an example of a camp 
where a particular sedimentary bed was important in localizing ore. The 
removal of this camp from his list of stratigraphically controlled ore fields 
might be, at least, considered for the reasons briefly outlined below : 

(1) The Keymet, New Larder “U,” Kennecott Clearwater, Nigadoo and 
Sturgeon River pyrite-galena-sphalerite deposits of the Bathurst camp lie 
geographically outside the “circular area 25 miles in diameter”—within which 
presumably lies the exclusively favorable bed. The Nigadoo, Keymet and 
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Sturgeon River bodies are vein deposits. The others are replacements. They 
are relatively small sulfide bodies. However, any general ore genesis theory 
applied to this camp cannot ignore them. There seems no possible way that 
the source-bed theory could apply to these sulfide bodies as any attempt to 
align these bodies on or near a common source-bed would involve structural 
impossibilities. 

(2) Wilson, Russel and Farquhar (J. T. Wilson, R. D. Russel and R. M. 
Farquhar, Can. Inst. of Mining and Met., Transactions, Volume LIX, 1956 
p. 310-318) made isotopic age determinations on some of the ores of the 
Bathurst Camp as well as other lead camps throughout Canada. Their general 
conclusions were that the ratios of radiogenic lead isotopes relative to lead 
204 “(have) been interpreted to mean that the lead ores have risen from a 
uniform source. Since the composition of the crust is far from uniform this 
source is presumably below the earth’s crust... .” “Crustal rocks, whether 
sedimentary or igneous do not show this uniformity and therefore it is con- 
cluded that normal lead ores are juvenile and have risen from the mantle of 
the earth along faults. Their rise may in many cases have accompanied 
igneous activity. Their deposition need not have been a simple and direct 
process, but the uniformity of lead isotope ratios does seem to rule out the 
possibility that ordinary lead ores have spent hundreds of millions of years in 
heterogenous crustal rocks.” This uniformity would also seem to rule out 
the possibility that Bathurst ores were remobilized from a source-bed. 

(3) There are important strong major faults that bounded the field to the 
North and West and other suspected North-South faults that cut across the 
whole camp. Folding, on a major and minor scale, was active in the district. 
The host rocks are metamorphosed to varying degrees, but, in general, re- 
gional metamorphic effects are very conspicuous near sulfides. 

(4) Holyk, whose paper was quoted, says elsewhere in the paper used 
by Knight—“The writer does not imply that all the sedimentary formations 
are continuous between the areas in which they are definitely known to occur.” 
Knight’s statement, taken from Holyk’s paper, that the sulfide bodies are 
located at the contact of a quartz porphyry with one of the sedimentary units 
seems to be overgeneralized. Some broad trends and thick petrologic units 
can be traced near the indented irregular rim of the “circle,” but the detailed 
stratigraphy within the circular area and to the south and west, is not known. 
Extreme paucity of outcrop, metamorphic and facies changes on strike and 
possible sharp concealed fold structures make stratigraphic mapping difficult 
and interpretations uncertain. 

(5) On the east and south parts of the rim of the circle there are a number 
of major deposits that at first glance would appear to fit the source-bed theory. 
These are the deposits of the Heath Steel Mines, the Brunswick and the 
Anacon deposits. Admitting there may be a recognizable common through- 
going stratigraphic unit related to these bodies, there would however remain 
the problem (among others) of the recently discovered Headway deposit. 
This is a relatively small body but it has sulfide mineralogy similar to the 
other sulfide bodies of the camp. This body lies, at least, several thousand 
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feet stratigraphically below any possible source-bed common to the above 
deposits. 

There is little doubt that the Bathurst area was the scene of intense vol- 
canic activity during the depositional stage and later a focus of transverse 
tectonic adjustment during and after the orogenic stage of the Appalachian 
geosyncline. During the orogenic or post-orogenic stages deep structural 
intersections could have tapped conventional granitic magmatic fluids or 
deeper sulfide-bearing fluids from the mantle, and the sulfide bodies could have 
formed in appropriate structural traps. 

All sulfide bodies so far discovered at Bathurst camp have been associated 
with known or inferred local fold or fault structures and are located near deep 
indentations and embayments of the regional structural “dome.” Granites 
and granitization products are nearby. Possibly further study may even 
show regional zoning. These are the standard structural elements usually 
demanded by the hydrothermalists. A syngenetic theory, however modified, 
seems to be the weakest general ore genesis theory applicable to this camp. 


Martin D. Kierans 
450 Riversipe Drive, 
West Batuurst, New Brunswick, 
April 3, 1958 
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An Introduction to Graphic Solutions of Geologic Structures—Laboratory 
Exercises and Problems. By A. NorMAn MaclIntosH. Pp. 78; pl. 26; 19 
ruled work sheets. Edwards Brothers, Inc. Ann Arbor, 1958. 

Mr. MacIntosh has revised and combined his “Introduction to the Interpreta- 
tion of Geologic Maps and Structures” and his “Graphic Solutions of Geologic 
Structures,” under this new title. 

The result is a laboratory text which is admirably suited to the task of giving 
the geologic student a thorough understanding of the three dimensional relation- 
ships between geologic structures such as folds and faults and their sometimes 
surprising outcrop patterns. 

All of the pages are perforated for easy removal. The plates and their respec- 
tive questions are printed on one side of the page, which lends itself to classroom 
use. 

The 26 plates are arranged in order of increasing difficulty, starting with a 
simple contouring problem and ending with “A and B are points on different levels 
in a mine having elevations as shown. From B a drift extends N 35° W up a 
5 percent grade. It is proposed to drive a crosscut from A, down a7 percent grade, 
to intersect the drift from B. 1. Determine the bearing and the length of the cross- 
cut from A. 2. Determine the elevation at the point of intersection.” 

Incidentally, this last is an excellent example of the ease with which many prob- 
lems can be solved graphically which would otherwise involve calculus. 

All of the problems illustrate techniques and principles that should be familiar 
to every geologist. A few of the questions, since they involve economic factors 
such as lengths of drill holes and costs of different methods of developing an ore 
body, are of more direct interest to the economic geologist. 

The written part of the text contains a clear plate-by-plate explanation of the 
graphic method or methods that can be used in solving each problem. Since this 
part of the text is also perforated, some teachers may prefer to remove the written 
explanations in order to use the corresponding plates for test purposes or to en- 
courage the student to try figuring them out in his own way before referring to 
the explanation. 

ALAN T. BRopERICK 

INLAND STEEL Co., 

ISHPEMING, MICH., 
May 20, 1958 


The Future Supply of Oil and Gas. By Bruce C. Nerscnert. Pp. 134. The 

Johns Hopkins Press, Baltimore, 1958. Price, $3.00. 

The title also states that this book is “a study of the availability of crude oil, 
natural gas, and natural gas liquids in the United States in the period through 
1975.” It is published for “Resources for the Future, Inc.,” a non-profit corpora- 
tion supported by the Ford Foundation, interested in research and education re- 
garding natural resources. The author, formerly on the staff of the President’s 
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Materials Policy Commission (Paley Commission), is a research associate in the 
energy and minerals area of Resources for the Future. This study is to be in- 
corporated into a larger volume, to be published later, on the over-all United 
States energy position through 1975 

Under the headings of crude oil, natural gas, and natural gas liquids, the author 
considers estimates of reserves, future capacity and production, technology, avail- 
ability, and other sources of supply. 

The general conclusions are that in the United States and its continental shelves 
there are around 500 billion barrels of oil, and 1.2 quadrillion cubic feet of natural 
gas, which quantities, however, will not necessarily be discovered or extracted, but 
are believed to exist. The author forecasts from an economist’s viewpoint and 
sets up his own concepts. His study is based upon the analysis and interpretation 
of facts and opinions. During it he conversed with many oil company officials 
and technicians. 

The author considers that in 1975 the indicated total domestic availability of 
crude oil in the United States will be 4 billion barrels of primary oil and 2 billion 
barrels of secondary oil. He points out, however, that these figures are not pre- 
dictions of production but what could be produced. The author adopts the A.G.A. 
figure of 22.5 trillion cubic feet of natural gas as the availability for 1975 with 
net availability 10 to 15 percent lower. Also, for natural gas liquids, 1 billion 
barrels are considered to be available for 1975, although there may not be a market 
for this amount. 


The Atomic Age and Our Biological Future. By H. V. BrgNnstep. Pp. 80. 

Philosophical Library, New York, 1957. Price, $2.75. 

This little booklet was translated from Danish by E. M. Huggard. The author 
is Professor of Zoology at the University of Copenhagen, and this work is based 
on a series of lectures to the general public. In Chapter I he discusses the various 
kinds of radiation, and in the next two chapters, the fertilized egg and mutations. 
He then takes up his main theme, discussing the effects of radiation on the body, 
on sterility, embryonic development, man’s genetical constitution, transmission of 
genes, and deleterious mutations. The last chapter deals with isotopes. Under 
these headings are described simply, with a minimum of technical language, the 
biological and genetic effects that may come from the increasing rise of atomic 
energy if measures are not taken to make sure that radiation from the atmosphere 
does not rise above the level that can be tolerated without damage to the human 
body. 

The author believes that from the standpoint of future generations hydrogen 
bomb tests are unjustified. 


Engineering Geology Case Histories No. 2. Parker D. TRAsk, Editor. Pp. 
43. Prepared for the Division on Engineering Geology of the Geological So- 
ciety of America, New York, 1958. 

The purpose of this report, and of the predecessor No. 1, is to present descrip- 
tions of the geological problems involved in engineering construction problems. 
This is done by a series of short individual case histories written by selected authors. 

There are 11 such case histories as follows: Tunnel construction in Mancos 
shale, Colorado, by R. A. Bohman; Summary of six Rocky Mt. cases, by C. 5S. 
Content; Foundation grouting, McNary Dam, Oregon and Washington, by R. L. 
Gullixson; Antonio Lucchetti dam, Puerto Rico, by C. A. Kaye; Mississippi- 


Atchafalaya diversion, La., by C. R. Kolb; Cement-aggregate reaction, by K. 
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Mather; Dam-site studies from aerial photos, by J. D. Mollard; Artificial re- 
charge of ground-water in Calif., by R. C. Treacher; Hydro-electric power system, 
Austria, by E. M. Winkler; Causes of Sear’s Point landslide, Calif., by H. D. 
Woods. 

Each of the cases is clearly and briefly described, averaging about 4 pages each. 
They make good reference material for the practicing geologist and the student. 


Principles of Geodynamics. By Aprian E. Scueipeccer. Pp. 280; figs. 86. 

Springer-Verlag, Berlin, 1958. Price D.M. 49.60. 

The author of this book received a Ph.D. from Toronto, and a diploma from 
Zurich. He is now Research Associate with the Imperial Oil Co. in Calgary, 
Alberta. . 

In the first two chapters, Physiographic and Geologic Data Regarding the 
Earth, and Geophysical Data Regarding the Earth, the author summarizes the 
known physical facts regarding the earth. These include such subjects as geo- 
logical evolution, geomorphology, continents and oceans, faults and folds, gravity 
and seismological data, layering of the earth, age determinations, thermal data, 
magnetization, and geochemical data. The following chapters are: III. Mechanics 
of Deformation; IV. Effects of Rotation of the Earth; V. Continents and Oceans; 
VI. Orogenesis ; VII. Dynamics of Faulting and Folding; VIII. Dynamics of Other 
Features, such as meteor craters, boudinage, domes, volcanism, and postglacial up- 
lift. The last five, as will be seen from their tables, give a synoptic view of the 
broad subjects. 

The author gives “an evaluation of existing ideas in the light of presently avail- 
able facts” which has not been done before for all of the various hypotheses. The 
author points out that most articles on the subjects have been written to advance 
one or other of the hypotheses as the true one. Consequently he became an agnostic 
and examines critically the most competent presentations, looking for proof of one 
or another of the ideas. This he has done successfully. 

The book will serve as an advanced text book, and as a general reference in 
this field of earth sciences, which every geologist interested in geodynamics and 
structural geology will want to have in his library. 


Geologie und Bodenschatze Afrikas. By Ericu Krenxket. Pp. 598; figs. 158. 
Akad. Verlagsgesellschaft Geest and Portig K.-G. Leipzig, 1957. Price, 
D.M. 61. 

An up-to-date book on the geology of Africa is much needed, but is a large 
undertaking. This book attempts to do this in condensed form. It is of course a 
large area to cover. 

The book is divided into two parts; Part I, of 506 pages, is devoted to the 
geology, and Part II, of 59 pages, deals with the mineral wealth. 

For the discussion of the geology the author divides the continent into geo- 
graphic and partly geomorphologic areas. It opens with the Atlas regions and 
considers 9 subdivisions, including the coastal region, the High Atlas, the High 
Plateaus, Algeria, Morocco, the Riff, and the Paleozoic. Next to follow are the 
Sahara regions, Red Sea Graben, Syrabien, the northeast area, East Africa, Mada- 
gascar, southern Africa (including the Congo), Guinea-Sudan, Atlantic Islands, 
and Africa in Retrospect. The last includes Gondwanda lineations, magmatic ac- 
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tivity, and historical geology. Part I gives a very brief picture of the ore and non- 
metallic deposits of this rich continent, including as it does the great chrome, iron, 
gold, copper, cobalt, uranium, and platinum deposits and the extensive diamond and 
asbestos deposits. Each part is followed by an extensive index. At the end there 
are 24 pages of references divided for parts I and II, and subdivided according to 
regions and countries. 


It will make an extremely handy reference to African geology for those who 
read German. 


The Mineragraphy of the Radium Hill Uranium Deposits and the Delineation 
of the Whip and Geiger Lodes. By Ricnarp F. LAGANzaA. Pp. 21; figs. 35; 
colored maps 3. Dept. of Mines, South Australia, 1957. 

This mimeographed report brings up-to-date information made available sub- 
sequent to previously published investigations and contains a detailed microscopic 
study by reflected light of the complex ores of this deposit. 

The deposits consist of hypogene replacement lodes along anticlinal axial plane 
shares in folded Archean gneisses. The ore occurs in definite shoots which pinch 
and swell and include horses of waste. The walls are prominently sericitized. 

The ores consist of rutile, ilmenite, magnetite and davidite with subordinate 
magnetite, pyrite, chalcopyrite, and molybdenite. The earliest minerals are the 
oxides, which exhibit exsolution phenomena, followed by pyrite. Next there was 
selective replacement of these minerals by davidite, followed by pyrite and chalco- 
pyrite stringers and a little molybdenite. The davidite (complex iron-titanium- 
lanthanum-uranium oxide) occurs as disseminated grains, as stringers and as masses. 
Thirty-four photomicrographs illustrate the ore mineral relations. The colored 
maps show plans and sections of the lodes. 


Introduction to Geology. By Howarp E. Brown, Vicror E. Monnett Anp J. 
Wiis Stovatt. Pp. 644. Ginn and Co., New York, 1958. Price, $7.25. 
The authors state that this new textbook is intended to serve the needs of stu- 

dents who wish a broad education rather than for those who plan a future geo- 

logical career. In this respect it has achieved its purpose for it is clearly and simply 
written and extremely well illustrated. 

Part I (382) pages) takes up the principles of physical geology in which the 
authors attempt to interest the student in the common everyday features one sees 
in travelling. It includes the customary subjects of physical geology—the earth, 
weathering, running water, ground water, oceans, atmosphere, glaciation, land- 
scapes, diastrophism, mountains, vulcanism, rocks and minerals, and mineral wealth. 
The last deals with coal, oil and gas, a few metallic deposits, and non-metals (22 
pages). The various chapters are well illustrated with drawings and photos. 

In Part II, Historical Geology, first comes astronomy, then geologic time, origin 
of life, organic evolution, fossils, plant and animal kingdom, paleography, correla- 
tion, the geologic areas, and man. Lists of collateral reading are given after 
each chapter. An appendix gives some basic facts about the earth, cross sections of 
geologic structures of North America, and portions of several typographic maps. 

This one adds another book to the growing list of elementary text books of 
geology, among which there will be keen competition. This one should hold its 
place. 
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BOOKS RECEIVED 


JAMES M. ALLEN 


Concise International Dictionary of Mechanics and Geology, English-French- 
German-Spanish. S. A. Cooper. Pp. 400. Philosophical Library, New York, 
1958. Price, $6.00. English words and phrases are followed by the French, Ger- 
man and Spanish equivalents; a French, German and Spanish index of words in 
those languages refers to page and line of the definitions in the English Dictionary. 
Very convenient. 

Mineralmacht Brasilien. HANNFrRit Purzer. Pp. 129; figs. 11. Deutsch-Bra- 
silianische Handelskammer in Sao Paulo, Sao Paulo, Brazil, 1956. Location and 
description of mineral deposits in Brazil. 

First Annual Report of the International Tin Council 1956-57. Pp. 35. In- 
ternational Tin Council, London, 1958. Price 7s. 6d. or U. S. $1.00. Fiscal re- 
port including membership, meetings, pricing, etc., of tin. 


The Geology and Mineral Resources of the Upper Rajang and Adjacent Areas 
Sarawak. H. J.C. Kirx. Pp. 168; pls. 53; figs. 29; thls. 30. Geological Survey 
Dept., British Territories in Borneo, Mem. 8, Kuching, 1957. Price, 21 sh. Areal 
geology of jungle area in central Sarawak underlain by Tertiary sediments and 
volcanics. Bituminous type coal of Miocene age may prove economic if markets 
can be found. 

Variations in Isotopic Abundances of Strontium, Calcium, and Argon and 
Related Topics. Pp. 167; pls. 3; figs. 14; tbls. 43. Fifth Annual Progress Rept. 
for 1957-58, U. S. Atomic Energy Commission, Cambridge, Mass., 1958. Results 
of age measurements in North and South America, Africa and Australia. Studies 
on glauconite and list of glauconite specimens from the world from Precambrian 
to Recent suitable for dating. 

Geochemical Prospecting. N. R. Muxneryee and L. M. AntHony. Pp. 81; 
pls. 7; tbls.6. University of Alaska School of Mines Bull. 3, College, Alaska, 1957. 
Lexique Stratigraphique International. Vol. V. Amérique Latine. Fas. 7. 
Chile. Pp. 445; fig. 1. Descriptions of stratigraphic units recognized in Chile, 
Precambrian to Recent. Geological map of Chile. Scale, 1 cm.:50 kms. Centre 
National de la Recherche Scientifique, Paris, 1957. 

On the Paragenesis of Copper Ores. Paut Barrnotomé. Pp. 31; fig. 1; tbls. 
3. Studia Universitatis, «Lavanium», Leopoldville, 1958. Discussion of the sys- 
tems Copper-iron-sulphate, organe bornite-vallerite and the role of sulphur in the 
paragenesis of copper minerals. In English. 

California Journal of Mines and Geology, Vol. 54, No. 1. Pp. 177; figs. 6. 
Price, $1.00. Department of Natural Resources, San Francisco, 1958. Annual 
report of the State mineralogist; mineral production and consumption statistics. 
Lower Tertiary Foraminifera from Contra Costa County California. Bernice 
Younc SmitH. Pp. 83; pls. 32; figs. 3; tbls. 2. University of California Publ. in 
Geological Sciences, Vol. 32, No. 3. Berkeley, 1957. One hundred and eighty- 
one species of fossil foraminifera are described. Inferences drawn that enclosing 
strata were deposited at medium depths under tropical to sub-tropical surface 
temperatures. 


Metal and Industrial Mineral Mines in Canada. Pp. 34. Price, 25 cents. Dept. 
of Mines and Technical Surveys, Ottawa, 1957. Type, location, production of 
mines in Canada, 
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GeoloSki Glasnik 1955 Bulletin Géologique. Pp. 213; pls. 33; figs. 45; misc. 
tbls. Zavod za Geoloska Istrazivanja i Ispitivanja Gradevinskih Materijala, Sara- 
jevo, 1958. Various papers on economic geology, mineralogy, petrology, and 
stratigraphy. In Jugoslavian; German summaries. 

Memoria Sui Giacimenti Italiani di Manganese. C. E. Burcknarpt and F. 
FaLini. Pp. 221-272; pl. 1; figs. 7; tbls. 8. XX Congreso Geolégico Interna- 
cional Symposium Sobre Yacimientos de Manganeso, Tomo V, Europa, México, 
1956. 

Boletin del Centro de Documentacion Cientifica y Tecnica de Mexico. Vol. 
VI, No. 7. Pp. 36. Secretaria de Educacion Publica, Mexico City, 1957. Bibli- 
ography of papers in mathematics, astronomy, astrophysics, physics, geology, geo- 
physics and geodesy. 

1957 Oil and Gas Developments in Ohio. Grorce C. SHearrow. Pp. 27; figs. 
2; tbls. 14. Ohio Geological Survey, Rept. of Invest. 36, Columbus, 1958. Oil 
production up 800,000 barrels ; gas production up 534,000,000 cubic feet even though 
new wells declined by 9%. 

Pennsylvania Underclays—Potential Bonding Clays for Use in Foundries. 
Haypn H. Murray. Pp. 27; figs. 6; tbls. 6. Price, 50 cents. Indiana Dept. 
Conservation, Geological Survey Rept. of Progress 11, Bloomington, 1957. De- 
scribes 5 areas in Indiana from which clay suitable for foundry bonding occurs. 
Memorandum Concerning Mining Possibilities in Peri. M.S. Bocc1o. Pp. 68. 
Mario Samame Boggio, Lima, 1957. Brief summary of economic and mining situ- 
ation in Peru, In English, French, German, Spanish and Portuguese. 
Publicaciones del Departamento de Cristalografia y Mineralogia. Pp. 44; figs. 
26; tbls. 4. Museo Nacional de Ciencias Naturales, Madrid, 1957. Various papers 
on crystallography and x-ray diffraction techniques. 


List of Publications and Maps. Pp. 38. Virginia Division of Mineral Resources, 
Charlottesville, 1958. 


Pycnaspis Splendens, New Genus, New Species, A New Ostracoderm from the 
Upper Ordovician of North America. Tor Mrvic. Pp. 23; pls. 3; figs. 5. Pro- 
ceedings of the United States National Museum, Smithsonian Institution, Vol. 108, 
No. 3391, Washington, 1958. Description of a new ostracoderm from the Upper 
Ordovician of the eastern slopes of the Bighorn Mountains in Wyoming. 


Bureau of Mineral Resources, Geology and Geophysics—Australia, 1957- 
1958. 
Summ. Rept. 38. Tin. J. F. Ivanac, J. Barrie, H. F. Pearson, and Z. Kavix. 
Pp. 34; figs. 3; tbls. 14. Price, 3 sh. Uses, occurrence, production, prices, etc., 
of tin in Australia, 
The Australian Mineral Industry—Quarterly Review and Quarterly Statistics. 
Vol. 10, No. 3. Pp. 84; tbls. 20. Price, 3 sh. Statistics of mineral production 
and utilization. 
Bull. 41. Lower Permian Pelecypods and Gastropods from the Carnarvon 
Basin, Western Australia. J. M.Dickins. Pp. 52; pls. 10; figs. 9. Occurrence, 
distribution of pelecypods and gastropods. A new genus of pelecypoda erected for 
lower Permian forms. 
Universidad de Chile Facultad de Ciencias Fisicas y Matematicas In- 
stituto de Geologia—Santiago, 1956. 
Publ. 7. Erupcion del Volcan Nilahue. CauporicAn Corr& ZuNnicA. Las 
Capas Volcanicas de Carran y la Erupcién del Nilahue. Lronet Lrén and 
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Enrique Poite. Pp. 131; pls. 18; figs. 9; thls. 10. Two papers describing the 

eruption of a volcano in southern Chile in 1955, and the resulting rocks. In 

Spanish. 

Publ. 8. Primeras Noticias Sobre la Existencia del Paleozoico Superior en 

el Archipiélago Patagénico Entre los Paralelos 50° y 52° S. GiovAnNr CEcIONI. 

Pp. 19; figs. 8. Brief descriptions of Permo-Carboniferous strata on the islands 

off southern Chile. In Spanish. 

Publ. 9. Fauna del Cretaceo Inferior de Copiapo. Juan Tavera. Pp. 11; pl. 

1. Description of the fauna of the lower Cretaceous rocks of Chile. In Spanish. 
Illinois Geological Survey—Urbana, 1957-1958. 

Circ. 246. Influence of Coking Time on Expansion Pressure and Coke Quality. 

H. W. Jackman, R. L. E1sster, and R. J. Hetrinstine. Pp. 26; figs. 16; tbls. 

11. 

Circ. 248. Groundwater Geology in East-Central Illinois. A Preliminary 

Geologic Report. Lipia F. Serxrecc and J. P. Lempron. Pp. 36; figs. 7. 

cludes a general summary of groundwater principles, controlling geologic factors, 


and methods of development. Ground water supplies in central Illinois range 
from poor to excellent. 


Circ. 249. Stratigraphic Policy of the Illinois State Geological Survey. H. B. 
Wittman, Davin H. Swann, and Joun C. Frye. Pp. 14. A system of multiple 
classification in which rock-stratigraphic, time-stratigraphic, bio-stratigraphic, 
cyclical, facies, and soil-stratigraphic units are discussed. 

Circ. 250. Fishhook Gas Pool, Pike and Adams Counties, Illinois. Wayne 
F. Meents. Pp. 15; figs. 2; tbls. 3. Description of gas pool in Silurian rocks in 
western Illinois. Pool presently shut down for lack of markets. 


Rept. of Investigations 202. Vanadium Efflorescence and Its Control by the 
Use of Fluorspar. D. L. Deapmore, A. W. ALLEN, and J. S. MAcuin. Pp. 29; 
figs. 11; tbls. 10. A study of the effect of fluorspar on the formation of water- 
soluble vanadium compounds in clays. 
List of Publications. Pp. 40; figs. 3. 

Consiglio Nazionale delle Ricerche—Rome, 1957. 


Centro di studio per la geologia tecnica. Attivita svolta dal 1° Novembre 
1955 al 31 Ottobre 1956. Pp. 56; figs. 21. 


Relazione sui lavori della Associazione Vulcanologica e della Associazione de 
Idrologia Scientifica. Pp. 35. Report of meetings of the International Union of 
Geodesy and Geophysics in Toronto, September, 1957. In Italian. 


Geological Survey of Japan—Hisamoto-ché, Kawasaki-shi, 1957. 
Rept. 175. Variation in Crystal Habit of Pyrite. Icuiro SuNAGAWA. Pp. 42; 
pls. 10; figs. 16; tbls. 9. Crystal habit controlled by environment and supply of 
solution. Impurities considered to be of secondary importance. In English. 


Explanatory Text of the Geological Map of Japan. Akaho (Kanazawa-74). 
M. Murayama and M. Katapa. Pp. 57; pls. 17; figs. 5; tbls. 6. Areal geology 
of metamorphic terrain in central Japan. Map, scale 1:50,000. English abstract. 
Explanatory Text of the Geological Map of Japan. Obama (Kydto-3). O. 
Hirokawa, H. Isom1, and K. Kuropa. Pp. 39; figs. 4; tbls. 5. Areal geology 
of an area in central Japan. Small deposits of cupriferous pyrite, nickel and 
chromite, and manganese. Map, scale 1:50,000. English abstract. 
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Missouri Geological Survey—Rolla, 1957-1958. 
Rept. of Investigations 23. Study of Missouri Shales for Lightweight Ag- 
gregate. P. G. Heron, P. Kurtz, Jr., T. J. PLanye, and J. D. PLunxetr. Pp. 
39; figs. 11; thls. 5. Of 55 samples of shales, clays and loesses 12 appear suitable 
for commercial use. 
Bibliography of the Geology of Missouri 1956. Joun W. Koenic. Pp. 48. 
Bibliography of the Geology of Missouri 1957. Joun W. Koenic. Pp. 35. 


Montana Bureau of Mines and Geology—Butte, 1958. 
Information Circ. 20. Directory of Known Mining Enterprises 1957. Korn- 
LER Stout and WALTER ACKERMAN. Pp. 57; pls. 1. Location, production, owner, 
operator and status of mining enterprises in Montana. 
Information Circ. 22. Barite Deposits in Montana. V. C. DeMunck and 
W.C. ACKERMAN. Pp. 29; pls.3. Properties, uses, prices and occurrence of barite 
in the U. S. Two producing properties and a number of prospects are described. 


Provincia de Mocambique Servicos de Industria e Geologia—Lourenco 
Marques, 1957. 

Bol. 21. Contribuigdes para o Estudo da Petrografia de Mocambique. III. 
Primeiro Reconhecimento Petrografico da Circunscrigaéo do Barué. A. Borces 
and A. V. Pinto Coetno. Pp. 80; pls. 6; figs. 4; tbls. 3. Geologic map. Results 
of a petrographic and field study of a region in western Mocambique underlain by 
volcanic, igneous and metamorphic rocks. 
Bol. 22. Minerais de Provincia de Mocambique. J. Béuier. Pp. 135; pls. 8. 
Descriptive list of the minerals in the collection of the Freire D’Andrade museum. 


Bol. 23. Noticia Explicativa do Esboco Geolégico de Mocambique. A. J. 
De Freitas. Pp. 69; tbls. 12; geologic map, scale 1: 2,000,000. Explanatory notes 
to accompany the map of Mocambique. English abstract. 


Newfoundland Department of Mines and Resources—St. John’s, 1958. 

Mineral Resources Development of Newfoundland. Pp. 3. Very brief sum- 
mary of activity of government and private interests in Newfoundland. 
Geological Survey Rept. 14. Geology of the Lower Gander River Ultrabasic 
Belt. S. E. Jenness. Pp. 56. Areal geology of an area in north-central New- 
foundland. Mid Ordovician clastics and lavas intruded by a variety of basic and 
ultrabasic rocks. Geologic map, scale 1 inch : 1 mile. 


Ontario Department of Mines—Toronto, 1958. 


Sixty-fifth Annual Rept. Vol. LXV, Pt. 4, 1956. Geology of the Populus 
Lake Area. J. C. Davies and S. N. Watowicu. Pp. 24; pls. 2; figs. 6. 
Fairly good copper-nickel possibilities in the area. Geologic map, scale 1 inch : 
1% mile. 


Sixty-Fifth Annual Rept. Vol. LXVI, Pt. 1, 1957. Statistical Review of the 
Mineral Industry for 1956. M.G. ArNnotp. Mining Accidents in 1956. Starr 


or Mines Inspection Brancu. Classes for Prospectors, 1956-57. W. D. 
Harpinc. Pp. 78; pl. 1, figs. 3; tbls. 64. 


Polskie Towarzystwo Geologiczne—Krakow, 1957. 


Regionalna Geologia Polski. Tom III. Sudety (Praca Zbiorowa). Pp. 300; 
pls. 23; figs. 43; tbls. 12; maps and sections 19. Areal study of the Sudety region 
of Poland. In Polish. 
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Vol. XXV, Fasc. 3. Annales de la Société Géologique de Pologne. Pp. 175; 
pls. 9; misc. thls. A mumber of papers on the microfauna and stratigraphy of the 
Polish Tertiary. In Polish; abstracts in Russian, English, French and German. 


Vol. XXV, Fasc. 4. Annales de la Société Géologique de Pologne. Pp. 127; 
figs. 22. A number of papers on Tertiary stratigraphy and fauna. In Polish, sum- 
maries in French. 

Vol. XXV, Fasc. 1. Annales de la Société Géologique de Pologne. Pp. 61; 
pls. 4; figs. 16. Papers on Miocene sedimentation, differential thermal analysis of 
oxidized zinc ores, diagenetic dolomite in Carpathian Flysch. In Polish; sum- 
maries in Russian or English. 

Vol. XXVI, Fasc. 2. Annales de la Société Géologique de Pologne. Pp. 123; 
pls. 8; figs. 11. Various papers on cave deposits, deposition, characteristics of 
flysch in Poland. In Polish; English summaries. 


Quebec Department of Mines—Quebec, 1957-1958. 
Outline of Progress of the Mining Industry of the Province of Quebec Dur- 
ing the Year 1957. Epcar-E. Bérust. Pp. 17; pls. 4; fig. 1; tbls. 2. Mineral 
production decreased by 9.5 per cent in 1957 as compared with 1956. 
The Mining Industry of the Province of Quebec in 1956. Pp. 135; pls. 5; tbls. 
61. Production statistics for metals and non-metals in 1956. 


Mineral Resources and Mineral Industries of the Province of Quebec. Pp. 
74; pls. 70; figs. 5; tbls. 5; maps 2. General information on minerals and mineral 
processing. 


List of the Principal Operators and Owners of Mines and Quarries in the 
Province of Quebec. Pp. 94. Names and addresses; mine locations. 


Services Géologiques du Portugal—Lisbon, 1957-1958. 


Estudos, Notas e Trabalhos do Servico de Fomento Mineiro, Vol. XII, Fascs. 
34. Pp. 245; figs. 31; tbls. 16. A mumber of articles dealing with mineral sta- 
tistics, mineralogy, and well logging. In Portuguese. 


Les Dinosauriens du Portugal. L’Assé F. pe Lapparent and Georces Zpys- 


ZEWSKI. Pp. 59; pls. 36; figs. 13. Memoir 2. Description and distribution of 
dinosaur fossil remains in the Mesozoic of Portugal. In French. 


Institute of Mineralogy, Paleontology, and Quaternary Geology, Uni- 
versity of Lund—Sweden, 1958. 

No. 38. Basic Metamorphic Rocks from the Region of Hdéljes in Northern 
Vermland. A Study in Progressive and Retrograde Metamorphism. Pontus 
LJUNGGREN. Pp. 34; figs. 12; tbls. 19. Description of a metamorphic suite in 
which progressive retrograde and metasomatic metamorphism has occurred. 
No. 40. The Soft Iron Ores of Vermlands Taberg. Pontus LyuNccREN. Pp. 
11; figs. 2; tbls. 3. Description of Swedish magnetite ores that have altered to 
goethite. 


Bureau of Economic Geology The University of Texas.—Austin, 1957. 
Rept. of Investigation 31. Devonian-Mississippian Transition in Central 
Texas. P. E. Ciovup, Jr., V. E. BARNeEs, and W. H. Hass. Pp. 9; pls. 5; fig. 1. 


5: 
The Devonian-Mississippian transition is described and a new unit, the Houy 
Formation, used to describe it. 
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Rept. of Investigation 32. Studies of Cenozoic Geology Along Eastern Margin 
of Texas High Plains, Armstrong to Howard Counties. J. C. Frye and A. B. 
Leonarp. Pp. 59; pls. 5; figs. 10. Pliocene and Pleistocene geology of an area 
in northwestern Texas. 


Rept. of Investigation 33. Pleistocene Equidae of Texas. J. H. Quinn. Pp. 
49; pls. 7; fig. 1, thls. 10. Description of Pleistocene fossil remains of horses in 
Texas. 

Publ. 5724. Geology of Parker County, Texas. Leo HeNpricxs. Pp. 64; pls. 
7; figs. 6. Areal geology of an area in north central Texas underlain by Pennsyl- 
vanian, Cretaceous, Pleistocene and Recent formations. Small oil and gas pro- 
duction. 
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SCIENTIFIC NOTES AND NEWS 


Dawn E. Feray has been appointed Magnolia Petroleum Company Professor of 
Geology at Southern Methodist University, Dallas, Texas. The Professorship has 
been set up by the Magnolia Petroleum Co. to encourage and support superior 
undergraduate teaching. 

FRANK P. SONNENBERG is chief geologist for Chaco Petroleum, S. A., Bolivian 
subsidiary of Tennessee Gas Transmission Co. 

Lewis G. Weeks has retired from his position as chief geologist for Standard 
Oil of New Jersey. He will engage in consultation on the geology of petroleum. 

Francis L. Pierson, senior geologist of U. S. Potash Co., has been promoted 
to chief geologist. 

J. Donatp Ryan, associate professor of geology at Lehigh University, was 
elected president of the Eastern section, Association of Geology Teachers, suc- 
ceeding Dr. Ertinc Dorr of Princeton University. 

Davip L. CooLBauGH is now employed as mining advisor with the Government 
Technical Institute in Insein, Union of Burma. 

Gaxsor Dessau has terminated his two years’ assignment with the Technion, 
Israel Institute of Technology, in Haifa, where he was sent by UNESCO for the 
establishment of a Mineral Engineering Department. Now he is back in Italy, 
and is “Chargé de cours” in Mineral Deposits at the Geological Institute of the 
University of Pisa. 

The Gold Medal of the Institution of Mining and Metallurgy for 1957 has been 
awarded to Dr. JoHN FatrFIELD THompson, Chairman of the Board of Directors 
of International Nickel Co., in recognition of his distinguished services to metal- 
lurgical science, research and practice, with special reference to the nickel industry. 
Honorary Membership of the Institutioa has been conferred on Mr. Ropert ANNAN, 
in recognition of his outstanding services to the mining industry and to the Institu- 
tion; on Dr. FraANK Drxey, in recognition of his services to the science of geology 
and in particular of his work in reorganizing the Colonial Geological Surveys; and 
on Mr. Maurice ALAN EpGar Mawsy, in recognition of his valuable services to 
the mining industry in Australia and to the Institution. 

The U. S. Geotocicat Survey has published a new wall size map of the Arabian 
Peninsula, one larger scale geologic map, and four topographic maps covering 
portions of Saudi Arabia. Under joint sponsorship of the Saudi Arabian Ministry 
of Finance and National Economy and the United States Department of State, the 
Geological Survey and the Arabian American Oil Company prepared these maps 
which represent the first publicly available documentary results of a program that 
has been in effect for approximately eight years. The maps resulting from this 
program are unique in many respects. The large-scale topographic and geologic 
maps have been published in bilingual Arabic and English editions, while the map 
of the entire peninsula is printed in English. 

The Revue de Geographie Physique et de Geologie Dynamique, Deuxieme Serie, 
which was published without interruption from 1928 to 1939, resumed publication 
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in a larger size in July, 1957, under the direction of Leon Lutaup, JAQuEs Bovur- 
cart and Lours GLANGEAUD. 

Hans SCHNEIDERHOHN, Professor of Freiburg University in Briesgau, reached 
his 70th birthday last June. For this occasion A. CissArz and H. BorcHert each 
published a brief article in Neues Jahrbuch recounting his many accomplishments 
and listing his bibliography of 148 articles. 

The Wyominc GEOLOGICAL AssocraTION held its Thirteenth Annual Field Con- 
ference Wednesday morning through Saturday noon, July 23, 24, 25, 26, 1958, at 
the northwest and east flanks of the Powder River Basin, an area bounded by the 
Hartville Uplift, the Black Hills Uplift and the Big Horn Mountains. 

Three mining engineers of the Paul Weir Co., Chicago, IIl., have returned from 
South Vietnam where they made a survey of coal resources. Dr. CLayton G. 
President, and D. J. and Eyricn, Senior Engineers, spent 
three months in the field with headquarters near Tourane, just south of the border 
separating South Vietnam from its Communist counterpart. They are preparing 
an economic and engineering report for the International Cooperation Admiuistra- 
tion on the feasibility of developing coal deposits in the country. 

Francis L. Pierson of United States Potash Company at Carlsbad, N. M.., 
has been promoted from the post of senior geologist to that of chief geologist for 
the company. 

James B. Scort, former resident geologist with the Santa Barbara unit of Cia. 
Minera Asarco, S. A. at Santa Barbara, Chihuahua, Mexico, has returned to the 
United States and is now living in Oakland, Calif. 

Russet Grpson has accepted a year’s assignment with the United Nations 
Technical Assistance Administration in Pakistan where he will undertake a pre- 
liminary survey of that country’s radioactive resources and will advise Pakistan's 
Atomic Energy Commission on a comprehensive program for an atomic raw mate- 
rials ground survey in both East and West Pakistan. Mr. Gibson was formerly 
associate professor of economic geology at Harvard University. 

R. Massey W1Lt1aMs has resigned as chief consultant on mining engineering 
and geology for Continental Mining Exploration Ltd., Toronto, Canada, and has 
returned to private practice as a consultant at 100 Adelaide St. W., Toronto. 

Tue NINTH ANNUAL Fie_p CONFERENCE sponsored by The New Mexico Geo- 
logical Society with the cooperation of the Arizona Geological Society will take 
place in the Black Mesa Basin of northeastern Arizona, October 16, 17, 18, 1958. 
Registration and caravan organization will be at Gallup, New Mexico, on October 
15. The conference will deal with the general geology, stratigraphy, structure, 
economic geology, and water resources of the Black Mesa basin. 


Crartes W. Pecc resigned from Rio Canadian Exploration Ltd. in April to 
accept a position with the Karl J. Springer interests in Toronto. 

Witt1aM B. Heroy, geologist and president, Geotechnical Corp., Dallas, Texas, 
received a Doctor of Science degree at Syracuse University’s 104th Commencement 
on June 2. 


THe DEPARTMENT OF THE INTERIOR On June 13 announced a bid call for con- 
structing new research facilities for the Bureau of Mines at Fort Snelling, Minn., 
on the Mississippi River adjacent to Minneapolis and St. Paul. Congress has ap- 
propriated $1,719,000 for the new laboratory, which will provide space needed by 
the Bureau for expanding its mining and metallurgical studies on manganese, 
iron, nickel-copper-cobalt ores, and many other mineral resources of the North 
Central States. 
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Tue Atomic ENercy COMMISSION announced a revised plan for the commer- 
cial distribution of boron-10 materials. Because of its neutron-absorbing qualities, 
boron-10 is useful in nuclear reactor shielding and control, and in radiation detec- 
tion instruments. Boron, enriched up to 92 percent in the isotope B-10, will be 
distributed by the Commission’s Chicago Operations Office. While material assay- 
ing 92 percent B-10 comprises the major portion of the enriched inventory, there 
are available smaller quantities of material at certain lower assays. The enriched 
boron to be distributed is in the form of elemental boron and the compound potas- 
sium fluoborate. Storage, packaging and shipping of these materials will be per- 
formed by the Michigan Chemical Corp., St. Louis, Michigan. 

Davip D. Baker has been appointed director of the Production Evaluation 
Division of the Grand Junction, Colo., office of the U. S. Atomic Energy 
Commission. 

Apert A. Lewis, formerly associated with the Aluminum Co. of America 
and now practicing consulting geology and mining engineering, has moved his 
office to 3303 Empty Saddle Road, Rolling Hills, Calif. 

Crype E. Weep, formerly president, was elected chairman of the board and 
chief executive officer of Anaconda Co., Chile Copper Co., Chile Exploration Co. 
and Andes Copper Mining Co., succeeding the late Roy H. Glover. 

Henry K. Martin has been appointed to the newly created post of director 
of mineral development, Oglebay Norton Co. 

H. R. Cooke, Jr., geologist and engineer of Reno., Nev., is now with Arnold 
H. Miller Inc., consulting engineer, of New York, in Costa Rica and Cuba. 

WittraM E. Berruotr, II, has been appointed economic geologist on the staff 
of the State Bureau of Mines and Mineral Resources, a division of the New Mexico 
Institute of Mining and Technology, Socorro, N. M. 

Wattace A. O’Brien, a member of the geological department of The Ana- 
conda Co., has been promoted to mines geologist, succeeding CHArLes C. Gopparp, 
Jr., who has been advanced to geologist in charge of the Company’s Butte, Mont., 
mines. 

Dr. and Mrs. B. S. BuTLer of Tucson have presented $15,000 to the University 
of Arizona to set up a scholarship fund for graduate work in geology. Dr. Butler 
was head of the University’s department of geology from 1931 to 1948. 
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MAGNETOMETER 


FOR GEOLOGICAL AND GEOPHYSICAL EXPLORATION 


THE VARIAN M-49 
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faults and structural anomalies. Sensitivity of plus or 
minus 10 gammas 1s more than ample for the purpose ; 
An extremely short (6 second) automatic reading in- 
terval permits rapid reconnaissance of large areas. 1 
Weight !s only 16 pounds 


The Varian M-49 needs no leveling. calibration or ori- a 
entation in azimuth. Its readings are precise even when 
the magnetometer is in motion — carried by a man on H 
foot — mounted on horseback — or embarked in a boat. ‘ 
The sensing head is connected by cable and can be 4 
separated from the instrument body by several hun- 
Gred feet—suspended by balloon—iowered over vertical 
clifts 


To achieve these unique properties, Varian uses the 
proton free-precession principle which relies on an im- 
mutable nuclear constant (of the hydrogen atom). Other 
Varian magnetometers operating on this same princi- 
ple are in use in magnetic observatories, airborne sur- 
veys. underwater surveys and in space vehicies. 


FEATURES... 
@ Range 19,0009 to 100,000 gammas 


Direct reading meter in gammas: sensitivity of = 10 
gammas:; no calibration required 

Weighs only 16 pounds; ali-transistor design; com- 
pact and rugged 


automatic: usabie stationary or in motion 


@ Reading interval manually controlied or six-second 

@ Cabie-connectec sensing head separabie by several 
hundred feet for muitiieve! surveys 

@ Polarizing cells rechargeabie by simpie connection 

to automobile battery 


| 
| 
= Write today for a full explanation of the Varian Mag- H 
"Ss pr ipt applications and equipment i 
details. 
@ | VARIAN associates 
611 Hansen Way, Palo Alto 3q California 


| 
| 


ADVERTISEMENTS v 


AVAILABLE—ORDER NOW! 


ECONOMIC GEOLOGY JOURNAL 
INDEX TO VOLS. XLI-L 
(1946 - 1955) 


Price $3.00 


ORDER FORM 


To: Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 


Please enter my order for ...-—- Copies @ $3.00 each 
Payment ............ enclosed 


Send copy to: 


vi ECONOMIC GEOLOGY 


Seitz | first In precision optics 


NEW 
POLARIZING 
MICROSCOPE SM-pol 


Leitz sets a new standard with this 
student polurizing and chemical micro- 
scope of modern design, with dual, 
low-position focusing controls and large 
field of view. A reasonably priced 
polarizing microscope, the model SM- 
pol, has rugged, one-piece construction 
with Bertrand lens and pinhole dia- 
phragm built into the tube. Inclined 
monocular tube will accommodate 
wide-field eyepieces and the micro- 
scope can be used faced away from 
‘the observer, permitting easy accessi- 
bility to the stage. 


A reputation for integrity and a tradition of service have led thousands of scientific 
workers to bring their optical problems to Leitz. If you have problems in this field, 
why not let us help you with them? 


E. LEITZ, INC., Dept. G-8 
468 Fourth Avenue, New York 16, N. Y. 


Please send me the brochure. 

See your Leitz dealer and examine these Leitz 1 
instruments soon. Write for information. NAME 1 

STREET 

city. ZONE STATE | 

d 


©.LEITZ, Inc., 468 FOURTH AVENUE, NEW YORK 16, N.Y. 
Oistributors of the woritd-famous Products of 
Ernst Leitz G.m.b.H.,Wetziar, Germany—Ernst Leitz Canada Ltd. 
LEICA CAMERAS -: LENSES : MICROSCOPES - BINOCULARS 


5 
li. 
3 
. 
. - 
> 


ADVERTISEMENTS vii 


ECONOMIC GEOLOGY ISSUES CONTAINING ARTICLES ON URANIUM 


Individual numbers of Vols. 46, 50, 51, and 52 are $3.25 per number; 
for the current Vol. 53, $1.25 per number 


Vor. 50, No. 2. URANIUM ISSUE (12 articles on uranium) 


VoL. 46, No. 4. Writiam L. Russect and S. A. ScHersatskoy: The Use of Sensitive Gamma Ray Detectors 
in Prospecting 


VoL. 51, No.1. RoGer Y. ANDERSON and Epwin B. Kurtz, Jr.: A Method for the Determination of Alpha- 
Radioactivity in Plants as a Tool for Uranium Prospecting. 


Vo. 51, No. 2. Pauw B. Barron, Jr.: Fixation of Uranium in the Oxidized Base Metal Ores of the Good- 
springs District, Clark Co., Nevada. 


at the Prince Mine, Lincoln County, New Mexico. 


VoL. 51, No.4. J. Rape: Notes on the Geotectonics and Uranium Mineralization in the Northern Part of 


| VoL. 51, No. 3. Grorce W. WALKER and Frank W. OsterWaALp: Uraniferous Magnetite-Hematite Deposit 
| 
| the Northern Territory, Australia. 


Georce E. Bocrarr: Uranium Deposits of the Northern Part of the Boulder Batholith, 
Montana. 


| 

Voi. 51, No. 6. Joun W. Gruner: Concentration of Uranium in Sediments by Multiple Migration-Accretion. 
R. S. MATHESON and R. A. Seart: Mary Kathleen Uranium Deposit, Mount Isa-Cloncurry 

| District, Queensland, Australia. 

| Vor. 51, No.7. EuGrene B. Gross: Mineralogy and Paragenesis of the Uranium Ore, Mi Vida Mine, San | 

} Juan County, Utah. | 


Vou. 51, No.8. Paut K. Sims: Paragenesis and Structure of Pitchblende-bearing Veins, Central City 
District, Gilpin County, Colorado. | 


| 
| Vor. 52, No.1. Rornert G. Coteman: Mineralogical Evidence on the Temperature of Formation of the | 
Colorado Plateau Uranium Deposits | 


Tommy L. FINNELL: Structural Control of Uranium Ore at the Monument No. 2 Mine, 
Apache County, Arizona. 


H. D. Wricut and D. O. Emerson: Distribution of Secondary Uranium Minerals in the W. 
Wilson Deposit, Boulder Batholith, Montana. 


D. W. Brsuop: Notes on the Geotectonics and Uranium Mineralization in the Northern Part 
of the Northern Territory, Australia (Discussions). | 


Vo. 52, No. 2. H. D. Wreicur and W. P. Suu_ror: Mineralogy of the Lone Eagle Uranium-Bearing Mine in 
the Boulder Batholith, Montana. : 


L. J. Lawrence: Davidites from the Mt. Isa-Cloncurry District, Queensland. 
Georce W. Bars: Discussion of Urano-Organic Ores (Discussion). 


Vot. 52, No. 3. Frank C. Armstronc: Eastern and Central Montana as a Possible Source Area of Uranium. 


Rape: Shearing Along Anticlines as an Important Structural Feature in Uranium Mineral- 
ization in the Northern Part of the Northern Territory of Australia. 


P. Rampour: Uraniferous Magnetite-Hematite Deposit at the Prince Mine, Lincoln County, 
N. M. (Discussion). 


Vor. 52, No.6. R. C. Vickers: Alteration of Sandstone as a Guide to Uranium Deposits and Their Origin, 
Northern Black Hills, South Dakota. 


Cuaries F. Davipson: On the Occurrence of Uranium in Ancient Conglomerates. | 


Vow. 52, No.7. E. H. Goupsreims: Geology of the Dakota Formation Uraninite Deposit near Morrison, ap 
Colorado. 


Vow. 52, No. 8 Donatp Towse: Uranium Deposits in Western North Dakota and Eastern Montana. | 
Vo. 53, No. 2. H.D. Hotianp, G. G. Witter, Jr., W. B. Heap, III, and R. W. Petri: The Use of Leachable 
Uranium in Geochemical Prospecting on the Colorado Plateau. II The Distribution of Leachable Uranium 
in Surface Samples in the Vicinity of Ore Bodies. 


VoL. 53, No. 3. A. Vo._norrn: Identification Tables for Uranium and Thorium Minerals. 
J. J. Brummer: Supergene Copper-Uranium Deposits in Northern Nova Scotia. 


VoL. 53, No. 4. J. D. Bateman: Uranium-Bearing Auriferous Reefs at Jacobina, Brazil. 
G. A. SCHNELLMANN: On the Occurrence of Uranium in Ancient Conglomerates. | 
C. J. Suttivan: Ore Genesis—The Source Bed Concept. 


Vow. 53, No. 5. Leo J. Mitter: The Chemical Environment of Pitchblende. a 
J. J. Franxet: Manganese Ores from the Kuruman District Cape Province, South Africa. : 
Paut Rampour: On the Occurrence of Uranium in Ancient Conglomerates. 


J. A. S. Apams and Ricuarp Pricer: On the Occurrence of Uranium in Ancient 
Conglomerates. 


Order from: ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Bidg., Urbana, Illinois 


| 
| 
| 
| | 
| 


ECONOMIC GEOLOGY 


INTERNATIONAL UNION OF GEODESY AND GEOPHYSICS 


BULLETIN GEODESIQUE 


BEING 
THE JOURNAL OF 


The scientific articles appearing in alia quarterly ante are prepared 
by the foremost geodesists and geophysicists in the world and deal with 
the following subjects: Mathematical geodesy (instruments, observa- 
tions, calculation and adjustment of triangulation); astronomical de- 
termination of geographic positions; dynamic geodesy 
figure of the Earth, earth tides, isostasy, etc.); leveling. It also con- 
tains a section of book notices. 


Quarterly 1 volume per year $6.00 (£2.0.0) per volume 
Published by 
PERGAMON PRESS 


NEW YORK LONDON PARIS LOS ANGELES 
122 East 55th Street, New York 22, N.Y. 4 & 5, Fitzroy Square, London W.1. 


: THIN SECTIONS OF 
d. m. organist ROCKS, MINERALS, ORES, CERAMICS 


PETROGRAPHIC LABORATORY _preparep ROCK SECTIONS FOR STUDENT USE 
BOX 176 * NEWARK, DELAWARE GRAIN COUNTS * PETROGRAPHIC ANALYSIS 


viii 
| 


ADVERTISEMENTS 


ANNOTATED BIBLIOGRAPHIES OF ECONOMIC GEOLOGY 


Available—Vols. I-X XIX, No. 1 (1928-1956). 
Vol. XXX (1957) current volume for 1958. 

Price $5.00 per volume anywhere in the world thru Volume 27. 
Effective Volume 28—price change to $6 per volume. 
General Index, Vols. I-X XV, in preparation. 

Order now from 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illinois 


ECONOMIC GEOLOGY JOURNAL INDEX to Vols. XXXI-XL 
(1936-1945)—published September, 1947 
Price $2.00 
Also available Index to Vols. I-XX (1906-1926) —$3.00 
Index to Vols. XXI-XXX (1927-1935)— 2.00 
Index to Vols. XXXI-XL (1936-1945)— 2.00 
Index to Vols. XLI-L (1946-1955) — 3.00 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illinois 


FOR SALE 


BACK VOLUMES OF ECONOMIC GEOLOGY 
From Stock: 
Complete Volumes: 3, 6, 7, 8, 9, 10, 11, 15, 22, 25 
@ $15 per volume 
Complete Volumes: 26, 27, 28, 29, 30, 31, 32, 33, 
34, 35, 36, 37, 38, 39, 40, 41, 
42, 43, 44, 45, 46, 47, 48, 49, 
50 @ $12 per volume 
Incomplete Volumes but from which certain issues are still available 
(some of them almost complete) : 
1, 2, 4, 5, 12, 13, 14, 16, 17, 18, 
19, 21, 23, 24 @ $2.25 per issue 
Also shelf worn copies of scattered numbers thruout 
the series @ 75¢ per copy 
Inquire: 
Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 


ix 
| 
| 
| 
| 
| 
| 


ECONOMIC GEOLOGY 


Special Price— 
A.A.P.G. COMPREHENSIVE INDEXES, 1917—1955 


Encompass all A.A.P.G.’s Bulletins and special publications for a 38-year period. 
A valuable addition to the geologist’s library. Cloth bound. 


BOTH INDEXES member price, $5.00; others, $7.00 
SINGLY . 


ORDER FROM 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
Box 979, Tulsa 1, Oklahoma, U. S. A. 


LABORATORY FOR ROCK ANALYSIS 


Chemical analyses of rocks and minerals made with a 
required for research. Commercial work cannot be suentel. 
SAMUEL S. GOLDICH, in charge 
Department of Geology and Mineralogy, University of Minnesota, Minneapolis 14, Minnesota 


SECTIONS 
N 


MOUNTED ORE PETROGRAPHIC SECTION SERVICE 
SECTIONS 26364 W. MAIN ST., ALHAMBRA, CALIFORNIA 


POUGHKEEPSIE, NY. 


x 
| 
ENGRAVING Company 
PHOTO gp ARTISTS 
= 


ADVERTISEMENTS 


Geophysics for Economic Geologists 


GEOPHYSICAL CASE HISTORIES, VOLUME I (1948) $7.00 
GEOPHYSICAL CASE HISTORIES, VOLUME II (1956) $7.00 
CUMULATIVE INDEX, 1931-1953 (All publications) $4.00 
GEOPHYSICS (Quarterly) Per year $10.00 
Detailed list of publications on request 
Send Order with Remittance to 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 1536 Tulsa 1, Oklahoma 


— -- 


PROBLEMS OF 
PETROLEUM GEOLOGY 


Sidney Powers Memorial Volume 


A Sequel to Structure of Typical American Oil Fields 


A compilation of 43 papers prepared for this volume by 47 authors 


1,073 pp., 200 illus. Cloth. Price, postpaid: to members, $4.00; to 
non-members, $5.00. | Usual discounts to educational institutions. 


The American Association of Petroleum Geologists 
Box 979 .. . Tulsa 1, Oklahoma 


xi 


ECONOMIC GEOLOGY 


NOW made with 
BUILT-IN RECTIFIER 


for LOWER COST to you 


We are now incorporating a silicon 
rectifier inside the base of the 
ISODYNAMIC SEPARATOR, re- 
placing the external rectifier form- 
erly required at extra cost. This 
has been done without increasing 
the price of the separator and is 
equivalent to a 7% price reduction 
for the complete outkt. The controls 
for the magnet and vibrator, as well 
as the rectifier, are now all con- 
tained in the base of the separator. 


VERTICAL FEED 
The ISODYNAMIC Magnetic Sep- 


arator is in world-wide use as a most 
valuable research tool for the min- 
eral investigator. It is highly selec- 
tive—able to discriminate between 
the most feebly magnetic minerals, 
even when their rem tibilities are 
extremely close to er. This is 
due to the special s oa of the pole 
pieces which produces a magnetic 
field in which a uniform force is 
exerted on a particle of given sus- 
ceptibility anywhere in the operat- 
ing space. 


For Complete Information— 
INCLINED FEED Write for BULLETIN 132-1 


S. G. FRANTZ Co., Inc. 


P.O. Box 1138 Cable Address: 
Trenton 6, New Jersey, U.S.A. MAGSEP, Trentonnewjersey 


xii = 
| 
| 
= 
4 SEPARATOR 
4 | 


ADVERTISEMENTS 


BOOKS IN GEOLOGICAL SCIENCE 


Address Economic GroLocGy, Urbana, Ill. Books not in this list (except the publications of official 
Surveys and those of the Geological Society of America) will be furnished at Publishers’ prices. 


AREAL GEOLOGY AND REGIONAL 
Guidebook to the Geology of North and Middle Parks Basin, Colorado. Lg Rocky Mountain Asso 
CIATION OF GEOLOGISTS. WILLIAM C. Fincu, Editor. 1957. Pp. 15 ‘ 
Guide to the Geology of Central Colorado. By JoHn W. VANDERWILT ai others. 1948. Pp. 176.. 
Geology of the Golden-Green Mountain Area, Jefferson County, Colorado. By STaNLey O. REICHERT. 
1953. Pp.96. 19 halftone photographs and a folder of detailed maps and tables 
Geological Survey of Great Britain. By Epwarp B. Baitey. 1952. Pp. 278. Pls. 4. Figs. 39... 
The Geology of the C ealth of A li By T. W. E. Davip. 1950. Three volumes 
I. Historical Geology. Pp.720. PI.57. Figs. 208. 
I. Physiography. Pp. 645. Pl. 28. Figs. 164. 
III. Maps: Geological Map of the Commonwealth of Australia (11 sections on 4 sheets), and Geo- 
fogieed Sketch-Map of Australian New Guinea (1 section). 
Late Cenozoic Erosional History of the Raton Mesa Region. By WiLLIAM S. Levincs. 1951. 
111. Illus. 31. 16 large contour and cross-section maps 
Historical our of the Antillean-Caribbean Region. By CHARLES ScHUCHERT. 1935. Pp. 811. 


Illus. 6x9 
Los Yacimientos Minerales de Bolivia. By FepERico AHLFELD. 1954. Pp. 277 
Structural History of the East Indies. By J. H. F. Umpcrove. 1949. Pp. 63. Figs. 68 
The Geology of Indonesia. By R.W. VAN BEMMELEN. 1949. 

Vol. I: General Geology of Indonesia and Adjacent Archipelagos. Pp. 732. Tables 124. 


Vol. II: Economic Geology of Indonesia. Pp. 265. With 52 figures and 56 tables. 
Price of the two volumes and portfolio. Cloth 75 Guilders 


Geology of India. 3rd Ed. By D. N. Wapta. 1953. . . Pl. 18. 6 maps, 25 x 30 full color 
geological map of India 


COSMOGONY 


Astrophysics. By Lawrence H. ALLER. 1953. 
Vol. 1. The Atmospheres of the Sun and Stars. Pp. 412. Figs. 118 
Vol. 2. Nuclear Transformations, Stellar Interiors, and Nebulae. Pp. 291. 
The Changing Universe. By JoHN PreirrerR. 1956. Pp. 243. 
Expanding Universes. By E. ScHRODINGER. 1956. Pp. 93. 
The Physical World. By Paut McCorkige. 1956. 
The World We Live In. By Linco.tn Barnett and editorial staff of Life. 1955. Pp. 304. 


deluxe 
The Radiant Universe. By Grorce W. Hitt. 1953. Pp. 489 


The Earth as a Planet. Gerarp P. Kurper, Editor. 
Vol. II of the Solar System. Pp. 751 


Astronomy of Stellar Energy and Decay. By MARTIN JOHNSON. 1951. 


CRYSTALLOGRAPHY AND MINERALOGY 


Elementary Crystallography. By M. J. BuerGer. 1956. Pp. 528 
An Introduction to Crystallography. By F.C. Puitips. 2nd Edition. P. viii + 324; Figs. 515 


Laboratory Manual! of Crystallography for gq ag “4 Mineralogy and Geology. By GrorGe TUNELL 
and JosePpH MurDocK. 1957. Pp. 55, Figs. 2 


Crystal Data, a classification of substances by epace groups and their identification from cell dimen- 
sions. i954. Memoir 60. Pp. 719. Figs 


Crystal Growth. By H. E. Bucxiey. 1951. 


Crystals and the Polarizing Microscope. 2nd Ed. By N. H. HARTSHORNE and A. STUART. 
Pp. 473. Diags. 313 


Optical Crystallography. 2nd Ed. By E. E. WaunLsTRoM. 
X-Rays in Practice. By W.T. Sprout. 1946. Pp. 603. 


Crystal Structures. VolumelI. By W. G. WycKorr. 
of tables. Loose-leaf with binder 


Supplement Volume I: 1951. 72 text pages. 64 pages of tables 


Crystal Structures. Volume II. 1951. By RaLeu W. G. been 253 text pages, 74 illus. 256 
pages of tables. With binder 


Supplement II: 1953. 30 Pp. 64 tables.. 
Crystal Structures. Volume III. 1953. By W.G. WyrcKkorr. 244 Pp.,176 Illus. 220 tables 
Supplement III: 1958. Pp. 547, Tbls. 142. Illus. 234.... 
Crystal Structures: Vol. IV. 1957. Pp. 206. This. 55.. 
The Crystalline State. Edited by W. H. Bracc. 
Vol. 1: A General Survey. New Ed. By L. Bracc. 1949. Pp. 352. 
Vol. 2: Optical Principles of the Diffraction of X-Rays. By R. W. JAmEs. 
Vol. 3: Determination of Crystal Structures. By Lipson and CocHRAN. 


(Continued on Page xiv) 


xiii 
&.50 
$ 3.00 
1.50 
4.00 
50.00 
2.50 
15.00 
Illus... 13.50 
15.50 
1954 
Pp, 216. Figs 22........ 3.90 
— 
2.75 
5.00 
1950. 
1951. Pp. 206. Figs. 209............ 5.00 
4.00 
14.50 
20.00 
7.00 
5.50 
13.00 
8.00 


ECONOMIC GEOLOGY 


(Continued from Page xiii) 


BOOKS IN GEOLOGICAL SCIENCE 


CRYSTALLOGRAPHY AND MINERALOGY (Continued) 


The Barker Index of Crystals.—A Method for & petetteates of Crystalline Substances. By M. W. 
Porter and R. C. Semter. 1951. Pp. 1 


X-Ray Analysis of Crystals. By J. M. Bryvoet and others. Translated by H. Lirtman FurtH. 2nd 


X-ray Crystallography. 4th Ed. By R.W. James. 1950. “Pe 
X-ray Crystallography. By Martin J. BuerGer. 1942. Pp. 531. Illus. 
Imperfections in Nearly Perfect Crystals. By W.Suockiey. 1952. Pp. 490; figs. 175........ 
Elements of Optical Mineralogy. By ALEXANDER N. WINCHELL. 
Pt. I. Principles and Methods. Sth Ed. 1937, Pp. 263. Illus. 305..... 
Pt. Description of Minerals. 4th Ed. 1951. Pp. SS1...... 
Optical Mineralogy. 2nd Ed. By Austin F. RoGers and Pau F. Kerr. 1942. Pp. 390. hipaa 


Tables for Microscopic and Ss -ray "Identification of Ore Minerals. By ALEXANDER Novizzny. In 


Stereograms for the Determination of Plagioclase Srssigaee in Random Sections. By W. NreuREN- 


Mineralogy. 4th Ed. By E. H. Kraus, W. F. Hu NT, end L. S$. Ramspet. eee ree betas 

Identification and Qualitative Chemical Analysis of Minerals. By Orsino C.SmirH. 1953. Pp. 400. 
Col. Pl. 27. Figs. 22 “es 

Clay Mineralogy. By Racru E. Grim. 1953. Pp. 384. Fig. 121. Tables 46. 

Analysis of Minerals and ag of the Rarer Elements. By W. R. ScHoOELLER and A. R. Powe tt. 


3rd Ed. Rev. 1956. Pp de bande on 
Dana’s System of ~ CHARLES PALac He, HARRY Br RMAN CLIFFORD FRONDEL. 
Vol. I. Elements, Sulfides, Sulfosalts, Oxides. 7th Ed. 1944. Pp. 834. IIllus......... 


Vol. II. Halides, Carbomates, etc. 7th Ed. 1951. Pp. 1124. 
Manual of Mineralogy. By J.S. Dana—i6th Ed. Revised by C.S. Hurisut. 1952. Pp. 539. 


Minerals and How to Study Them. 3rd Ed. By EpwarpS, Dana. Revised by Corne tius S. Huat- 


Elements A Sainesstagy. 24th Ed By FRANK RUTLEY (Revised by H. H. Reap). “1953. Pp. $35. 


Textbook bes 13th Rev. Ed. Kioc KMANN. 1948, Po. 674. Illus. 606. "Stitched 
Dana’s Textbook of Mineralogy. "4th Ed. Rev ised by We. E. For. 1932. Pp. 851. Illus., Dia- 


A Field Guide to Rocks and Minerals. By FReperice H. Pou GH. 1953. Pp. 331. 12 Color Pis., 


Rutley’s Elements of Mineralogy. 25th Ed. By H. H. Reap. 1953. Pe S35, figs. 137...... 


ae OR to Study of Minerals and Rocks. 3rd Ed. By Austin L. RoGers. 1937. Pp. 626. 
us. 


Handbook of Mineralogy, Blowpipe Analysis and Geometrical Crystallography. Combined Ed. ByG. 


The Colloid Chemistry of the Silicate Minerals. By c. MARSHALL. 1953. Pp. 195. Illus. 


Colorimetric Determination of Traces of Metals. By Ernest B.SANDELL. 1944, 2nd Ed. Revised. 


How to Know Minerals and Rocks. RICHARD M. Peart. 1955. Pp. 192. Figs., Keys..... 
Minerals and Rocks. By Russet. D. GrorGe. 1943. Pp. 595. Figs. 150. Pls. 48............. 
Quartz Family Minerals. By H.C. Dake, F. L. FLeener, and B. H. Witson. 1938. Pp. 304.... 


A -— ‘Ie of Gem Identification. Sth Rev. Ed. By RicHArD T. LippicoaT, Jr. 1953. Pp. 349. 


jooda, Gem Cutting, end Metalcraft. 3rd Ed. By Wnt 1AM T. Baxten. 1950. Pp. 360. Illus. 


Lapidary. By F. 1950. P. 278. Illus. 406... 
Gem Testing. By B. W. ANDERSON. 1948. Pp. 256. Illus. : 
Dictionary of Gems and Gemology. 4th Ed. By R. M.Sarprey. 1951. Pp. 260................ 
A Key to Precious Stones. 2nd Ed. By L. J. Spencer. 1946. Pp. 237. 57 Illus. 8 pp. pls.. 


Come and Gem Materials. 5th Ed. ved Epwarp H. Kraus and C. B. SLawson. 1947. Pp. 332. 


Colorado Gem Trails. By R. M. PEARL. 3rd Ed. 1953. Pp. 128. Photos; Sketch maps........ 
Popular Gemology. By Ricwarp M. Peart. 1948. Pp. 316. Figs. 115 
A Handbook of Precious Stones. By Wao BAnapur Dr. L. A. N. Iver. 
A Roman Book on Precious Stones. By Sypney H. Batt. 1950. Pp. 360 


(Continued on Page xv) 


15.94 
16.46 


8.00 


3.95 
2.50 


7.50 


6.50 
6.80 


10.50 
3.50 
6.00 
4.75 


6.00 


4.50 
7.00 
5.00 
5.50 
3.50 


6.00 
2.25 


xiv 
Vol. I, Part 1 6.00 
18.00 
11.00 
8.00 
1.75 
9.50 
9.00 
5.75 
13.50 
7.50 
7.00 
12.00 
6.40 
8.00 
8.50 
9.50 
14.00 
16.00 
7.00 
5.75 
2.50 
5.50 
. 3.15 
6.75 


ADVERTISEMENTS 


xv 


(Continued from Page xiv) 


BOOKS IN GEOLOGICAL SCIENCE 


ECONOMIC GEOGRAPHY 
Geography in the Twentieth Century. Edited by Grirrira Taytor. 1951. Pp. 630. Figs. 56.... 
Economic Geography of Industrial Materials. By Atpert S. Cartson, Ed. 1956. Pp. 494.. 
The Nation Looks at its Resources. By HENRY JARRET. 1954. Pp. 417.......... : 
y of North America. By GrorGe J. LER, ALMON E, PARrKINS and BERT Hupones. 1954. 
Ed. Pp. xi + 664. Figs. 290, tbls. 2 ; 

and the Southwest. Ed. by M. ZreRER. 1956. Pp. 376: 
Mineral Commodities of California. Prepared under direction of OLaF P. KeENKINS. Edited by 

LAuREN A. Wricut. 1957. Pp. 736. Figs. 130 Maps and Cross-sections. Photographs, 239. . 
Geography of the Northlands. By Georce H. T. Kimpite and Dororuy Gook. 1955. Pp. 534, Illus. 


and Commercial 3rd Ed. By J. Russeit and M. O. 1946. 


Economic Geography: Mow Edition. By CHARLES Cc. Couey and ALICE Foster. 1954. 685. 
World Economic Geography. By B. SHAW. 1955. Pp. 582. Figs. 339. Tables 12. 


World Commerce and Governments. By W. S. Woytinsky and E. S. Woytinsky. 1955. Pp. 906. 


World Population and Production. By W. s. ‘Wormmaxy and E. S. Woytinsky. 1953. Pp. 1268, 
tbls. 338, pls. 338. 


Geography of Living Things. By M.S. ANDERSON. "1982. Pp. bes 

Fundamentals of Economic Geography. 3rd Ed. Rev. Ed. by Nets A. BENGSTON and W. “Van 
Roven. 1950. Pp. 574. Phots. 142. Maps 76. Charts, etc. 150............ 

Economic and Industrial Geography. By A. M. 1950. Pp. 728. 

Principles of Economic Geography. By ELLswortH HUNTINGTON assisted Frank E, WiL.iaMs, 
SAMUEL VAN VALKENBERG, and STEPHEN S. VisHER. 1940. Pp. 715. Illus.................. 

Elements of 3rd Ed. By V.C. Fincn and G. T. TREwarTHA. 1949, Pp. 696. 


Atlas of Modern Geegraghy. By Jou 1950. Pp. 155, 108 of w hich are 
maps. Printed in Great Britain at the Geographical Institute. eee: 


Principles of Human Geography. Rev. Ed. By ELLSwortTH HUNTINGTON and Ear B.SHaw. 1951. 
Pp. 805. Illus. including black and white maps. mia 


Europe. 2nd Ed. By Pror. VAN VALKENBURG and Couazat Cc. Hep, 1952. Pp. 826 
Friendly China. By BatLey Wiiuis. 1949. Pp. 312. Numerous sketches 
Southeast Asia. By E.G. H. Dossy. 1950. Pp. 
Asia, East by South. By J. E. Spencer. 1954. Pp. 453. Figs. 136........... 


Conserving Natural Resources—Principles and Practice in a Democracy. By ‘Summa W. ALLEN. 


Conservation in the United States. 3rd E od. By AXEL F. ‘Gusrapeos, C. H. Gutse, W. J. Ng 
Jr., and H. Ries (Members of the faculty of Cornell University). 1949. Pp. 544. lus. 2 

The ey Rehan. By O. W. Freeman, H. H. MArtIN, and others. 2nd Ed. 1954. x 


The U.S.S.R.—A Geographical Gurvep. By J.S. Gascony and D. w. SHAVE. 1946. Pp. 636. Illus. 


ECONOMIC GEOLOGY 
The Formation of Mineral Deposits. By ALAN M. BATEMAN. 1951. Pp. 334. Illus. 
Mining Geology. By Hucu E. McKinstry. 1948. Pp. 680.................. se : 
Principles of Field and Mining Geology. By J. DoNALD Forrester. 1946. Pp. 647. Illus. 316... 
Economic Mineral Deposits. 2nd Ed. By ALAN M. BATEMAN. 1950. Pp. 918. Illus. 308... 


Seatusen of the Ore Minerals and their ea. hed A. B. Epwarps. 2nd Ed. 1954. Pp. 242. 


Flotation. By x M. ‘Gav DIN. 1957. Pp. ‘573 
Non-Metallic Minerals. 2nd Ed. By Raymonp B. Lapoo Ww. M. RS. "1951, Pp. 605.. 
Minerals and Mineral Deposits. By W. R. Jones and D. WILLIAMS. 1948. siaeh 255. Figs. 36. 
Maps. Bibliography. Tables... 
Mineral Deposits. 4th revised Ed. By Wa ALDEMAR LINDGREN. 1953. Pp. 930...... , 
Minerals for Atomic Energy. 2nd Ed. By Rosert D. NININGER. 1956. Pp. 399, Iilus. 
Ore Genesis. By J.S. Brown. 1948. Pp. 204. Illus. 4.... 
Ore Deposits as Related to Structural Features. Edited by Wa ALTER H. NEWHOUSE. ‘1942. 
The Origin and Nature of Ore By R. T. Ww ALKER end Ww. WaLxzn. 1956. 384,. 
Other Countries 
Canada & Mexico 
Structural Geology of Canadian Ore Deposits (Symposium volume published in c ation of 
50th Anniversary of the Canadian Institute of Mining and Metallurgy). 1951. Pp. 930 (132 sep- 
arate papers as written by over 100 Canadian mining executives). Illus. 300........ ; 
Price to qualified students 
Exploration for Nuclear Raw Materials. By ROBERT D. NININGER. 1956. Pp. 293............... 
Uranium (Where it is and how to find it). By P. D. Proctor, E. P. Senaee, and K. C. BuLLock. 
1954. Pp. 96. 18 full pages maps. IIlus.................. 
aper 


(Continued on Page xvi) 


10.00 


= 
12.50 
5.00 
7.50 
11.25 
7.50 
10.00 
6.50 
3.72 
6.50 
10.00 
12.00 
2.75 
7.90 
6.75 
6.00 
6.25 
9.50 
6.75 
7.50 
5.00 
5.00 
8.50 
5.50 
5.00 
8.50 
6.00 
6.25 
8.50 
8.75 
8.75 
14.00 : 
12.50 
11.00 
1.20 
11.00 
8.50 
3.50 
8.50 
6.50 
7.00 
6.75 
10.00 
8.00 
8.50 
2.50 
2.00 


xvi ECONOMIC GEOLOGY 


(Continued from Page xv) 


ECONOMIC GEOLOGY (Continued) 


Minerals, for the Chemical and Allied Industries. By Sivney J. Jonnstone. 1954. Pp. 692...... 
Copper Venture. By KennetH Brapiey. 1952. Pp.112. Illus. and Maps..................... 


Tin 1954: A Review of the World Tin antuairp. By INTERNATIONAL Tin Stupy Group. 1955. Pp. 


Cobalt. (ACS Monograph, 108). By RoLano S. Younc. 1948. Pp. 180. Illus. eases 


hanes Erker’s Treatise on Ores and Assaying. By A. G. Sisco and C.S. Smitrm. 1952. Pp. 360. 


Occurrence and Production of Molybdenum. By J. W. VANDERWILT. 1942, Pp. 78. Paper 
Mineral Resources of China. By V.C. Juan. 1946. Pp. 75. Illus. Paper...................... 


The Cotes of Great Britain. By Str ArtTHUR TRUEMAN. 1954. Pp. xi + 396, pls. 7, figs. 106, 


Coal: Its Formation and Composition. By WiLFreD Francis. 1954. Pp. 
Coals and Bitumens. By S.1. Tommererr. 1954. Pp. 122. 4... 
Cont Science. Vol.I. By D. H. Bancuam (ed.). 1950. Pp. 469. Illus. 32. Tables 29, 


The and Orga o Coal and Coal Seame. ‘By Aatuue and C. E. MARSHALL. 1939. 
1 igs 


Coal Through the Ages. By H. N. Eavansow. "1939. ber 
Geology of Petroleum. By A. I. Levorsen. 1954. Pp. 720, illus. 327. Tables 47............... 
North American Petroleum. 1957. Rev. Ed. 1952. By W. A. Ver Wiese. Pp. 461. Illus. 396 
Graphic Problems in Petroleum Geology. By L. W. LeRcy and Jutian W. Low. 1957. Pp. 238. 
Principles of Petroleum Geology. By Ceci. G. Laticxer. 1949. Pp. 377. Illus. Pl. Maps.... 
Petroleum Geology. By Kennetu K. Lanpes. 1951. Pp. 660. IIWus. 
Principles of Petroleum Geology. By W.L. Russert. 1951. Pp. 508. Figs. 132................ 
Some Fundamentals of Petroleum Geology. By G.D. Hopson. 1954. Pp. 139. Figs. 41 
Basic Oil Geology. By WittiAmM W. Porter II. 1956. Pp. 142. Figs. 21 
How Oil is Found. By W.A. Ver Wiese. 1951. Pp. 247. 312......... 


on Occurrence and Recovery of Petroleum, 1950-51. By Lioyp E. ELKINs. 


Principles of Petroleum Geology. By E. N. Tiratsoo. 1951. Pp. 
Practical Oil Geology. 6th Ed. By Dorsky Hacer. 1951. Pp. 466. 5}x7}. Illus 
Fundamentals of Logging. 1957. Pp. 
Structure of Typical American Oil Fields. Vol. III. 1948. “Pp. 
Petroleum Microbiology. By Ernest Beerstecner, Jr. 1954. Pp. 375; figs. 71 
Oil Property Valuation. By Paut Paine. 1942. Pp. 
Properties of Petroleum Reservoir Fluids. By Emit Burcix. ‘1987. 
Physical Principles of Oil Production. By Morris Muskat. 1949. Pp. 922. Illus.. 
Oil and Gas Production. By tHe ENGINEERING COMMITTEE OF THE INTERSTATE OIL ComPact Com- 

Pp. 1460. with chaste, graghe, and tables... 
Petroleum Engineers Handbook. 3rd Ed. 1951. Pp. 654. Illus. by Josepa and W. 

Elements of Petroleum Subsurface Engineering. ‘By HAROLD VANcE. 1950. Pp. 168. Illus. 108.. 
Oil Reservoir Engineering, 2nd Edit. By Syivain J. Prrson. 1958. Pp. 735. 
Secondary Recovery of Oil. By Oscar F. Spencer. 1949. Pp. 441. Illus. 107 
Oil Well Drainage. By S.C. Herotp. 1941. Pp. 407. Figs. 
World Geography of Petroleum. Edited by W. E. Pratrand Dorotuy Goop. 1950. Pp.482. Illus. 
North American and Middle East Oil Fields. By W.A. Ver Wiese. 1950. Pp. 260. Illus. 110.... 
Oil in the Soviet Union: History, Geography, Problems. By Hetnrich HASSMANN. Translated from 

the German with the addition of much new information, by ALFRED M. Legston. 1953. Pp. 173. 

Petroleum Production E ics. By Lester CHARLES UREN. 1954. Pp. 614. Illus 
Petrol Production Engineering. By Lester C. UREN. 

Vol. Oil Field Exploitation. 3rd Ed. 1953. Pp. 807. Illus. 

Vol. III. Petroleum Production Economics. 4th Ed. 1956. Pp. 792. Figs. 117. Tables 74. 
Science and Petroleum. By A. E. DuNsTAN, et al. 

Vol. I. 1938. Pp. 836. Illus. Figs. 

Vol. TI. 1938. Pp. 1669. Illus. Figs. 

Vol. TI. 1938. Pp. 2385. Illus. Figs. 

Vol. IV. 1938. Pp. 3192. Illus. Figs. Available as a set @ $60.00 (Vols. I-IV) 

Vel. V. 1950. Pp. 200. Illus. Part I is available separately... 
Natural Gas and Natural Gasoline. By R.L. HuntinGron. 1950. Pp. 598. 6x9. Illus. 267.... 
Compounds. Vol.X. CuHstoCuHw. By JoserpH E. FarRapay. 1951. 


(Continued on Page xvii) 


BOOKS IN GEOLOGICAL SCIENCE 


| 

2.30 

1.00 

5.50 

10.00 

1.50 

75 

15.00 

22.00 

3.00 

7.00 

2.60 

1.80 

15.00 

8.00 

12.00 

4.50 

5.00 

10.00 

7.50 

2.90 

4.00 

8.50 

7.50 

8.00 

3.00 

4.50 

8.00 

5.50 

7.50 

15.00 

2.75 

11.00 

4.25 

14.00 

4.50 

5.00 

9.00 

6.00 

6.00 

3.75 

8.00 

9.50 

10.00 

12.00 

11.00 

10.00 

15.50 

Le 


ADVERTISEMENTS 


XVii 


(Continued from Page xvi) 


BOOKS IN GEOLOGICAL SCIEN 


ECONOMIC GEOLOGY (Continued) 


Oil Monograph No. 25). By H. McKee and 7 1925. 
Pigs. 36. 6x9.. 


Petroleum Conservation. Edited Sruaat E. 1951. Pp. 300. Illus.. 
The Uranium Prospector’s Guide. By THomas J. BALLARD and QueNntTIN E.CoNnKLIN. 1955. Pp. 251 
Exploration for Nuclear Raw Materials. By Ropert D. NININGER. 1956. Pp. 293............... 


neiet Tectonics of the Colorado Plateau and cM 4! to the Origin and Distribution of Uranium. 


The of Ground Water. By Harotp E. Tuomas. 1951. Pp. 321. Illus............. 


Soil and Water Conservation Engineering. By RicHarp K. Frevert, GLENN O. ScHWAB, Tawcort Ww. 
EDMINSTER and KENNETH K. BargNnes. 1955. Pp. 479. 


Realms of Water. (Some Aspects of Its Cycle in Nature). By P. H. Kuswane. 1955. Pp. 320.... 

Groundwater. By Cyrus F. TOLMAN. 1937. Pp. 593. 

The Geology of Water Supply. By Cyrit S. Fox. 1949. Pp. 209. Profusely illustrated. Cloth. . 

Sages By R. K. Linscey, Jr., Max A. Konver, and J. L. H. Pautnus. 1949, Pp. 
689. us 


» 326. 


Hydrology. By C. O. Wister and E. F. Brater. 1949. Pp. 419. Illus 


——< of Applied Hydrology. By D. Jounstone and W. P. Cross. 1949. Brine 276. 


A Practical Handbook of Water ‘Supely. By Frank Dixey. 1950. Pp. 573; maps 6; figs. 133. 


Water Supply and Waste-Water Disposal. By Gorpon Maskew Fair and JoHN CHARLES Gever. 
With a chapter (on water chemistry) by JoHn CARRELL Morris. 1954. Pp. 973. Illus. 
The Flood Control Controversy. By Luna B. Leopo_p and Tuomas Mappock, Jr. 1954. Pp. 278. 


on - Engineering Geology and Geotechnics. By D. P. Krynine and W. R. Jupp. 1957. 


in By Joun R. ScHuLtTz and ARTHUR B. CLEAVES. 1955. 


and Ragincering. By Rost. F. Leccet. 1939. Pp. 650. Illus. “Cloth, 6x9. 

Geology for Engineers. By J. M. TREFETHAN. 1949. Pp. 620. Illus.. 

Geology for Engineers. 3rd Ed. By Francis G. BiytrH. 1952. Pp. 336. ‘Tilus 

Elements of Engineering Cooley 2nd Ed. Revised (1947). 

Geology Applied to Building ‘and Engineering. By ArtHur Bray. 1948. Pp. Sadia: ccdkeadiha 


Heat Conduction, with Engineering, Geological, and Other Applications. By L. R. INGERSoLL, O. J. 

Applied Soe, 4 Synge. By F. M. Van Tuyt and TRUMAN H. Kuun. Vol. 45, No. 1-B. 
1950. 


By Hernrics Ries and T. L. WATSON. 


Mineral Resources of the United States. By the STaFFs OF THE U. S. Bungav OF MINES AND THE 


The Chemistry of Portland Cement. 2nd Ed. By Rospert HERMAN BoGuE. “1955. Pp. 793. "‘Tilus. 
Refractories. 3rd Ed. By F. H. Norton, 1949. 782 Pp. 419 Illus...... 
Microscopy of Ceramics and Cements. Including glasses, slags, and nananed sands. By HERBERT 
The Vermiculites and Their Utilization. By AuGust GoLDsTEIN, Jr. 1946. Pp. 64 reldeshepee ; 
The Occurrence and Production of Vanadium. By G.O. ArGaALL, JR. 1943. Pp. 56............. 
Foundation Engineering. By Peck, HANSON, and THORNBURN. 1953. Pp. 410 


Landslides and Engineering Practice HRB Special Report 29. Edited by Epwin B. Ecxet, 
Prepared by the Committee 


Chairman 
on Landslide Investigations. 126 Illus. 6tables. 1 plate. Pp. 232 


Soil Mechanics in Engineering Practice. By Kari Terzacui and RALPA B. Peck. 1948. Pp. 566. 
Soil Mechanics. 2nd Ed. By D. P. Krynine. 1947. Pp. 450. Illus.. 


Fundamentals of Soil Mechanics. By DonaLp W. TayLor. 1948. Pp. 700. Illus. 239. 


Exploration and Sampling of Soils for Civil Engineering Purposes. By M. Juut 


to Mine Surveying. By W.W.Statey. 1939. Pp. 275. Illus 
A Mining Engineer's Survey Manual. By J. E. MetcaLFe. 1951. Pp. 341 
Mines Register. Revised New 1956 edition 


GEOCHEMISTRY, CHEMICAL GEOLOGY 
Geochemistry. By V. M. Go_pscuipt edited by Alex Muir. 1954. Pp. 730, tbls. 96.... 
Principles of Geochemistry. By Brian Mason. 1958. Pp. 309. Illus. 
Isotope Geology. By KALERVO RANKAMA. 1955. Pp. 550.......... 
Nuclear Geology. By Henry Faut. 1954. Pp. 414 


“Tilus. 60 
By L. H. AnrRens, KALERVO RANKAMA,S, K. RUNCORN 


Geochemistry. By KALeERvVo RANKAMA and Ta. G. SAHAMA. 1950. Pp. 900. 
Physics and Chemistry of the Earth. Vol. 1. 
Eds. 1956. Pp. 317..... 


The Principles of Chemical Weathering. By W. D. KeLier. 1955. ~*~ 88. 
(Continued on Page xviii) 


Figs. 21. 


CE 


2.50 
6.00 
3.50 
8.50 ; 
2.00 
6.50 
8.00 
6.50 
4 9.00 
7.75 
9.00 
4.95 : 
7.00 
s. 109. 
35s 
| 15.00 
5.00 
10.00 
m (8.75 
7.50 
| 6.00 4 
4.75 
7.00 
6.25 
5.00 
3.00 
5.00 
16.50 
11.00 
7.50 
1.00 
1.00 
8.00 
7.00 
7.50 
7.50 
6.00 
. 11.20 ‘| 
8.50 | 
12.00 
7.00 
15.00 
10.00 


xviii ECONOMIC GEOLOGY 


(Continued from Page xvii) 


BOOKS IN GEOLOGICAL SCIENCE 


GEOCHEMISTRY, CHEMICAL GEOLOGY (Continued) 
General Chemistry. 2nd Ed. By Linus Pautinc. 1953. Pp. 722. Illus. 193 including 2 color 


The Physical Chemistry of the Silicates. By Witnetm Eiter. 1954. Pp. 1592, figs. 952. aa 45.00 
Silicate Analysis: A Manual for Geologists and Chemists, with Chapters on Check Calculations and 

Geo-Chemical Data. By A. W. Groves and Foreword by ArgtHuR Hotmes. 1951. Pp. 336... 5.50 
Differential Thermal Analysis. By W. J. SmMoTHEers and YAo CHIANG. 1957. Pp. 530. Illus..... 16.00 
Rocks for Chemist: An Introduction to the Study of Rocks from the Viewpoint of Chemistry. By 

Spectrochemical Analysis. By L.H. AHRENS. Ist Ed. 2nd ptg. 1954. Pp. 354. Illus.......... 12.00 
Wavelength Tables of Sensitive Lines. By L.H. AHRENS. ist Ed. 2nd ptg. 1954. Pp. 86.... 3.00 

GEOPHYSICS, GEOPHYSICAL EXPLORATION 

Advances in Geophysics. VolumeI. By H.W. LanpsBerc. 1952. Pp. 362. XII. Illus.. : 8.50 
Advances in Geophysics. Vol.3. By H. E. Lanpsperc, Ed. 1956. Pp. 378.............. ces 8.80 
Fundamentals of Pnysical Science. By Konrap B. Krausxope. 3rd Ed. Pp. 694.......... eitke 6.00 
Lectures on Rock Magnetism. By P. M.S. Brackett. 1954. Pp. 131................0000000.. 5.00 
The Atomic Nucleus. By Rositey D. Evans. 1955. Pp. 972. 
The Geometry of Geodescis. By Herspert BuSEMANN. 1955. Pp. 9.00 
An Introduction to the Theory of Seismology. By K.E.Butten. 2nd Ed. 1954. Pp. 296. Figs. 42 6.50 
Seismicity of the and Associated Phenomena. By B. GuTENBERG and C.F. RicnTerR. Revised 


Elastic Waves in AO oe Media. By W. M. Ewrnc, F. Press, W. S. JaRDETzKY. 1957. Pp. 375. 10.00 
Internal Constitution of the Earth. Edited by B.GuTeNBerc. 1951. Pp.439. Tables88. Illus. 43 2.45 


Seismic Prospecting for Oil. By Cuartes Hewitt Drx. Pp. 414. Illus. 175.................... 8.00 
Introduction to Geophysical Prospecting. By M.B.Dosrin. 1952. Pp. 435. Illus. 265.......... 8.00 
Exploration Geophysics. By J. Jay Jakosxy. 1950. Pp. 12.50 
Manual on Geophysical Prospecting with the Magnetometer. 2nd. Ed. By James WALLACE Joyce. 

Aaatigs Geoghysies in the Search for Minerals. 4th Ed. By A. S. Eve and D. A. Keys. 1954. pen 
The Electric Log Interpretation. By M.R.J.Wyttte. 1957. Pp. 176. Ed.2. 4.50 
Electrical Well Logging Fundamentals. By H.Guyop. 1952. Pp. 164. Illus. 257.............. 3.75 
Geophysical Prospecting for Oil. By Lewis L. Netrieton, 1940. Pp. 444.......... 8.00 
Earth Waves. By L. Don Leer. 1950. Pp. 122. Illus. 3.90 
Sonics. By THeovor F. Hveter and Ricuarp H. Bott. 1955. Pp. 456. Illus. 231. 
The New Physics. By Sin C. V. RAMAN. 1951. Pp. 3.75 


GEOMORPHOLOGY, PHYSICAL GEOLOGY, PHYSIOGRAPHY 
Geographical Essays. By W.M.Davis. 1909. Republished unabridged,1954. Pp.777. Figs.130 2.95 


Physical Geology. By L. Don Leet and SHELDON JuDSON. 1954. Pp. 466...................... 9.00 
Physical Geology. 3rd Ed. By Cuester R. Loncwett, ADo_tPH Knopr, and RICHARD F. FLINT. 
Visual Aids Kit. 85.00 
Physical Geology. By C. R. LonGwett and R. F. Fiint. Pp. 432. Figs. 308, Tb. 
Principles of Geomorphology. By D. THornBury. 1954. Pp. 618. Figs. 275.......... 8.00 
Principles of Geology. By James GILLuLy, Aaron C. Waters, and A. O. WooprorD. 1951. Pp. 
Geelegy. By vow O. and Casrun, K. 
General Principles of Geology. By J. F. Kirxirapy. 1955. Pp. 327. Pls. 6, Figs. 84.......... 10.00 
The Principles of Physical Geology. By V. E. Monnett and H. E. Brown. 1950. Pp. 450. Illus. 
Introduction to Geology. 3rd Ed. By E. B. Branson, W. D, Ketter, and W. A. Tarr. 1952. 


Climatic Accidents in Landscape-Making. By Cuartes A. Cotton. 1948. Pp. 354. Illus. 267... 7.00 
Geology: Principles and Processes. By Wma. H. Emmons, Geo. A. TaieL, CLINTON STAUFFER, IRA S. 

Principles of Physical Geology. By ArtHuR Homes. 1945. Pp. 532. Pils. 95. 
Physical Geology and Man. By KennetH K. Lanpes. 1948. Pp. 414. Figs. 164............... 
Down to Earth. 2nd Rev. Ed. By C. Croners and W. C. Krumpein. 1947. 


(Continued on Page xix) 


ADVERTISEMENTS 


—— — 


(Continued from Page xviii) 


GEOMORPHOLOGY, PHYSICAL GEOLOGY, PHYSIOGRAPHY (Continued) 


BOOKS IN GEOLOGICAL SCIENCE 


Textbook of Geomorphology. 2ndEd. By PuittipG.Worcester. 1948. Pp. 584. Illus. Maps. 6.25 
Outlines of Physical Geology. 2nd Ed. By CHester R. LoNGWELL, ADOLPH KNopF, and R. F. 

Morphological Analysis of Land Forms. By by HELLA end 

KATHERIN C, BosweLL). 1953. Pp. 429. Figs. 2 8.50 
Geology. Sth Ed. By P. and R. H. RasTALL. 491. Figs. 129....... 
Geomorphology. By A. K. Lopecx. 1939. Pp. 731. Fully Illus............. 9.50 
Introduction to Physical Geology with Special Reference to North austen. Sth ‘Ed. “Revised wd 

Outlines of Geology. 2nd Ed. Contains Outlines of Physical Gesleay .~ CHESTER R. LONGWELL, 

ADOLPH KNopF,and RICHARD FLINT; and Outlines of by CHARLES SCHUCHERT 

and Cart O. DUNBAR. 1941. Pp. 7.25 
Laboratory Manual for Geology. By K. F. Mater, C. J. Roy and L. R. THIESMEYER 

Part I. Physical Geology (Revised). 1950. Pp. 165. Illus. 25 Line, 4 HT. 2.75 

Part II. Historical Geology. 1952. Pp. 252. Illus. 80 Line, 1 HT..................... 2.75 
The World We Live In. By Samuet N. Namowitz and Donat B. Stone. 1953. 

Waves and Tides. By R. c. ‘HL Russet and D. H. 1953. Pp. 348. Pls.17. Figs. 100 6.00 
The Sea Coast. By J. A.Sreers. “New Naturalist Series. 1951. Pp. 276. Figs. 52....... 3.75 
Dynamical Oceanography. By J. ProupMAN. 1953. Pp. 409 8.50 
The Galathea Deep Sea Expedition 1950-52. By ANTON F. Bruun, Sv. Greve, “Hakon Mietcue, 

RAGNAR SPARCK. Translated from Danish by R. 1956. Pp. 296, 8.00 
The Tetons (Interpretations of a Mountain Landscape). By Fritior FryxeLt. 3rd ee 1953. 

The Incomparable Valley A Geologic Interpretation of the Yosemite. By PRancors E. MATTHES; 

edited by FritioF Fryxett. 1950. Pp. 176. Frontis. 50 Illus. 11 Figs. 2 maps..... 3.75 
Crater Lake (The Story of Its Origin). By HoweLt WILLIAMS, 3rd printing. 1954. 114 Pp., 25 Tilus. 2.00 
South African Scenery, A Textbook of Geomorphology. 2nd Rev. and Enlarged Edition. By L. C. 

KinG. 1951. Pp. 412. Illus. 267, 79 text figures, 1 folding map, 1 colored erosion map..... 6.37 
Manual for Physical Geology. By Percival ROBERTSON. 1953. Pp. 101... ee ae 2.75 
Physiography of Eastern United States. By Nevin M. FENNEMAN. 1938. Pp. 714. Illus. Cloth.. 10.00 
Physiography of Western United States. By Nevin M. FENNEMAN. 1931. Pp. 534.............. 9.00 
The Physiographic Provinces of North America. By W.W.Atwoop. 1940. Pp. 536. Illus. 281. 6.00 
The Oceans: Their Physics, Chemistry, ont By H. U. Sverprup, M. W. Jounson, 

and R. H. FLeminc. 1942. Pp. 1087.......... 13.50 
The Ocean. By F. D. OMMANNEY. bang Pp. 247. Pl. 4. Figs. 12. " Bibliogrs why Maps.: 1.00 
Submarine Geology. By FRANcIS PARKER SHEPARD. 1948. Pp. 348. IIllus................. 6.00 
Marine Geology. By Pu. H. Kuenen. 1950. Pp. 568. Illus. 250........... 8.00 
The Ocean Floor. By HANS Petrersson. 1954. Pp. 181. Figs. 48. 3.00 
der Gletscherkunde und Glazialgeologie. By KLEBELSBERG. Dr. R. 1948-49. 

Steam Blast Volcanic ew ~ Study of Mount Pelee in Martinique as Type Volcano. By Tuoms AS 

Volcanological Observations. ~s FRANK ALVORD PERRET. 1950. Quarto, Pp. 162. Figs. 117 -— 

Catalogue of the Active Volcanoes of the World Including Solfatara Fields. PartI. Indonesia. By 

Van PADANG. Ed. by the International Volcanological Assoc. 1951. Pp. 271. 

Our Amazing Earth. By C. L. Fenton. Reissue 1945. Pp. 368. 39 pages halftones. 95 line 

Earth Sciences. By J. HARLEN Bretz. 1940. Pp. 260. Illus. 122....... 3.00 
METAMORPHIC, STRUCTURAL AND FIELD GEOLOGY 
Metamorphism. A Study of the Transformation of Rock-Masses. 3rd Ed. By ALFreD HARKER. 

The Origin of Metamorphic and Metasomatic Rocks. By HANs RAMBERG. 1953. Pp. 352. " Mes. 10.00 
Deformation of the Earth’s Crust. By WALTER H. Bucwer. 1957. Pp. 578........-..6..0-0005- 10.00 
Structural Geology. By L. U. De Sitter. 1956. Pp.552. Figs. 309. Tables15..... a 11.00 
Graphic Methods in Structural Geology. By Wm. L. Donn and J. A. SuHrmer. 1958. Pp. 180. 

Structural Geology Manual. By Joun C. LuDLUMand Joun M. Dennison. 1957. Pp.115. Figs.47 2.50 
Principles of Structural Geology. 4th Ed. By C. M. Nevin. 1949. Pp. 410. Illus. 250......... 6.00 
Structural Geology. By MARLAND P. BILLINGs. 2nd Ed. 1954. Pp. 473. Figs. 336. Pls.19.... 10.00 
Mountain Building. By Retin W. VAN BEMMELEN. 1954. Pp. 189, figs. 51.................. 4.00 
Structural Geology of North America. By A.J. Earpiey. 1951. Pp. 624................0055. . 13.50 
The Tectonics of Middle North America. By Puitip B. Kinc. 1951. Pp. 224. 52 Maps......... 3.75 


(Continued on Page xx) 


— 4 : 
| 
| | 
| | 
| | | 


ECONOMIC GEOLOGY 


—-— 


(Continued from Page xix) 


BOOKS IN GEOLOGICAL SCIENCE 


METAMORPHIC, STRUCTURAL AND FIELD GEOLOGY (Continued) 
Outline of Structural Geology. 3rd Ed. By E.S. His. 1953. Pp. 170...... 3.50 


The Dynamics of Faulting and Dyke Formation with Applications. 2nd Ed. By Ernest M. ANDER- 
Son. 1951. Pp. 216. Figs. 39....... 


Field Geology. Sth Ed. By F.H. Lange. 1952. Pp. 853. 9.50 
Geologic Field Methods. By JuLiAN W. Low. 1957. Pp. 489. Line Drawings 214 ............. 6.00 


Field end Mining Geslegy. By James D. Forrester. 1946. Pp. 647. Ilus.316.... 8.75 
The Use 4 Gtessagneghte Projection in Structural Geology. By F. C. Puiuips. 1954. Pp. 86. 
Figs. 


METEOROLOGY AND CLIMATE 


Climatic Atlas of the United States. By StrepHen SARGENT VisHEeR. 1954. Pp. 403. Illus. 
Climatic Change : Evidence, Causes, and Effects. Ed. by HartowSwapiey. 1953. P.318. Figs.58 6.00 
The Climate Near the Ground. By R. GetGer. 1950. Pp. 482. Figs. 181. Tables 63........... 6.00 
The Atmospheres of the Earth and Planets. Rev. Ed. By Gerarp P. Kuiper. 1952. Pp. 416 


Cloud Physics. By D. W. Puans. "1951. Pp. 119. Pls. 4.50 
Descriptive Meteorology. By Hurp C. Witterr. 1952. Pp. 310. 6.00 
Dynamic Meteorology. By Ho_mBor, Forsytrue and Gustin. 1945. Pp. 378. Illus. 222........ 6.00 
General Meteorology. By Horace R. Byers. 1944. Pp. 645. Illus. 284. Tables 27............ 7.50 
Mictyestinge, Theoretical and Applied. By E. W. Hewson and R. W. Lonciey. 1944. Pp. 468. — 

Handbook of Meteorology. By A. Berry, BALLAY and N. R. Beers. 1945. Pp. 1116 13.50 
Climatology. By BernarD Haurwitz and James M. Austin. 1944. Pp. 410................... 8.00 
Techniques of Observing the Weather. By Benartuur C. Haynes. 1947. Pp. 272. Illus. 98.. 4.90 
Air Pollution: Proceedings of the U. S. Technical Conference on Air Pollution. By L. C. McCase. 

MINERAL ECONOMICS, GEOPOLITICS 

Egonomics of Atomic Energy. By Mary S. Gotprinc. 1957. Pp. 179 6.00 
Facing the Atomic Future. By E. W.Titrerton. 1956. Pp. 5.00 
Minerals in World Industry. By Watrer H. Vosxuit. 1955. Pp. ‘316. Tables 38. Figs. 5.75 
The Mineral Resources of the World. By Van Roven and Bow.es. 1952. Volume II. Pp. 180. 


sae Bepiigetn of the ‘Irea and Steel Industry. By A. K. Osporne. Pp. 558. Pils. 16. Figs. 9. 


of Natural Resources. Ed. by Guy-Haroip Smitn. 1950. Pp. 552. Illus.......... 6.75 
The Future of Our Natural Resources. Volume 281 of The Annals of the pate Academy of 

Political and Social Science. By StePpHEN RAUSHENBUSH. May,1952. Pp. 275.............. 2.00 
The Earth and Its Resources. 2nd Ed. By V. C. Fincn, M. T. Trewarrna, phy = H. SHEARER. 

Out of the Earth. By G. B. LANGrorp. 1954. "Pa 3.50 
Sei and E ic Develop it: New Patterns of Living. By Ricwarp L. Merer. 1956. Pp. 

Natural Resources Utilization in a Background of Sci and T logy. Vol. 1: Geology and Geog- 

raphy. James C. Main. 1950. Pp. 377. Illus. 5. from typescript, papercover 2.50 


The _—— tural Resources of the World. By Wm. VAN Roven. 1954. Pp. 258. Figs. 338 (Vol. I 


Resource Conservation: Economics and Policies. By Cirtacy-WantRUP. 1952. Pp. 396......... 6.50 
World Population and Future Resources. The Proceedings of the Second Centennial Academy Con- 


ference of Northwestern University, Evanston, Il. By P.K.Hatr. 1952. Pp. 280.......... 3.50 
Conservation in the United States. 3rd Ed. By Gustarson, Guise, HAMILTON, Jr., and Ries 

(Members of the faculty of Cornell University}. 1949. Pp. 543. Tables Deus Ghakeueedesee 5.00 
A Conservation Handbook. By Samvet H. Orpway, Jr. 1949. Pp. 76...........cccccececccccs 1.00 
Economics of Natural Gas in Texas. By J. R. Srocxron, R. C. HensHaw, Jr. and R. W. Graves. 

Arabian Oil—America’s Stake in the Middle East. By RayMonp F. MIKESELL and Hottts B. CHEN- 


Minerals in World Affairs. By THomasS.LoveriInc. 1943. Pp.394. Tables 50...$4.75toschools 6.35 
En Sources—The Wealth of the World. By EuvGene Ayres and CHARLES A. ScARLOTT. 1952. 

World Minerals and World Peace. y Cuartes K. Leiru, J. W. Furness and Cieona Lewis. 

1943. Pp. 253. Pils. 15. Tables 4 


(Continued on Page xxi) 


ae 
xx 
Se 


ADVERTISEMENTS 


(Continued from Page xx) 


MINERAL ECONOMICS, GEOPOLITICS (Continued) 


The Porphyry Coppers in 1956. By A. B. Parsons. 1957. Pp. 270 

Minerals—A Key to Soviet Power. By Demitri B.SuHimKInN. 1953. Pp.452. Figs.8. Tables 101 

Seventy-five Years of Progress in the Mineral Industry (1871-1946) American appeapes of Mining and 
Metallurgical Engineers. By A. B. Parsons, Editor, 1947. Pp. 817.. 


MINING 


Elements of Mining. 4th Ed. By G.J. Younc. 1946. Pp. 755. Mlus. 382................. 
The Basis of Mine Surveying. By M.H. Happock. 1952. Pp. 301. Fig. 246 
Mining Year Book. By Water E. SKINNER. 1953. Pp. 856...........0.0-ccccccucccecevccece 


Mines Register, 1952 Rev. Ed. Successor to The Mines Handbook (Descriptions of mines and mining 


Handbook for Prospectors and Operators of Small Mines. 4th Ed. By Max W. von Bernewitz— 
Revised by Harry C. CHELLSON. 1943. Pp. 547. Illus. 161. 5x7} 
Mining Engineer’s Handbook. By Rosert Prete, Editor. 3rd Ed. 1941. 2 Vols............... 


of Mineral Property. By Ro.anp D. Parks. 3rd Ed. 2nd ptg., 1952. 


PALEONTOLOGY, STRATIGRAPHY, HISTORICAL GEOLOGY 


Historical Geology. By Cart O. DuNnBAR. 1949. Pp. 567. Illus. 380............ 
Introduction to Historical Geology. By RayMOND C. Moore. 1949. Pp. 582. Illus. " Mage. ae 
Historical Geology. By Raymonp C. Moore. 1933. Pp. 673. Figs. 


Historical Geology—The “eee History of North America. 2nd Ed. By Russet C. Hussey. 


Geology: An Introduction to Sat History. By H. H. Reap. 1949. Pp. 256. Illus. 30. Maps. - 


The Sage of Historical Geology. By J. WILuts STOVALL and H. E. Brown. 1954. Pp. 472. 
Illus. 


to Historical Geology. 6th Ed. By Ww. J. Muze, 1952. Pp. 
The Origin and History of the Earth, By Rosert TUNSTALL WALKER and WoopvILLe JosEPH 
WALKER. 1954. Pp. 244. Illus., Figs... .U.S., 5.00; Canada & Mexico, 5.25; Other Countries 
The Planets: Their Origin and Development. By HaRou C. Urey. 1952... 
Geology and Man. By Kennet K. LANpDes and Russert C. Hussey. 1948. Pp. 518. Figs. 188. 
Introduction to College Geology. By CHauncey D. Hotmes. 1949. Pp. 429; figs. 312; tables... 
Glacial and Pleistocene Geology. By R.F.FLInt. 1957. Pp. 
Glacial Geology and the Pleistocene Epoch. By RicHarD F. Fuinr. 1947. Pp. 589. Illus. 94.... 


Prehistory and Pleistocene Geology . Gysensiogn Libya. By C. B. M. McBurney and R. W. Hey. 


Outlines of Historical Geology. By Cart O. DunBaR and CHARLES ScHUCHERT. 1941, 
Pp. 291. Illus. 176... . 


Atlas of Paleographic Maps of North America. By CHARLES ScHUCHERT. 1955. Pp.177......... 


Jurassic the World. By W.J.ARKELL. 1956. Pp. 806. Figs. 102. Pls. 16. Correla- 


Record of the Rocks. By Hoeace Pi 
An Introduction to Stratigraphy. 2nd Edition, revised. By L.D.Sramp. 1950. Pp. 381 
Principles of Stratigraphy. By C. O. DunsaR and J. RopGers. 1957. Pp. 356 
Stratigraphic Geology. By Maurice GiGnoux. 1955. Pp. 830. Fig. 


Study of Ancient Life-Provinces. By E.NEAVERSON. 2nd Ed. 1955. 


Principles of By R. P. SHrock and W. H. TwenHoret. 2nd Ed. 1953. 


Outlines of Paleontology. ‘3rd Ed. By H. H. Swinnerton. 1947. Pp. 385. Figs. 368.......... 


Index Fossils of North Gaston. By Hervey W. Suimer and RoBert P. SHrocx. 1944. Pp. 837. 


Invertebrate Fossils. R. Moons, LALICKER and A. FiscHer. 1952. Illus. 454. Pp. 738.... 
Invertebrate Palaeontology. 8th Ed. Rev.and Enl. By Henry Woops. 1946. Pp. 477. Figs. 221 


Echinodermata. Vol. [IV of The Invertebrates. The coelomate bilateria. By Lispic HENRIETTA 
HYMAN. 1955. Pp. 763. Illus........ 


Evolution of the Vertebrates. By Epwin H. 1955. Pp. 479. 125 Illus.............. 

Paleontology and Modern Biology. By D. M.S. Watson. 1951. Pp. 216. Figs. 77............. 
Natural History of Marine Animals. By MacGrnitie and MacGinitie. 1949. 473 Pp., 282 Illus. 
Introduction to Microfossils. By DANIEL J. Jones. 1956. Pp. 406...........0..0ccccecceccceecs 


Foraminifera: Their Classification and Economic Use. 4th Ed., Revised pr" Enlarged. By Josepn 
A. CUSHMAN. 1948. Pp. 605. Figs.9. 31 Text Pls. 55 "Key 
The Invertebrates : Platyhelminthes and Rhynch 1 1 te Bilateria, By 
HENRIETTA HYMAN. 1951. Pp. 550. 208 figs.... 


(Continued on Page xxii) 


BOOKS IN GEOLOGICAL SCIENCE 


xxi 
5.00 | 
8.00 
| 5.00 | 
9.00 
5.50 
7.00 
18.50 | 
8.50 | 
| 
7.25 
6.75 
8.50 
5.75 | 
1.20 | 
6.00 | 
5.50 | 
5.50 | 
5.00 | 
3.50 | 
7.65 | 
4.50 | 
12.50 | 
12.50 | 
| 
10.00 | 
4.50 | 
4.75 | 
16.50 
6.00 
3.25 
10.00 
9.50 
16.80 
12.50 
6.50 
22.00 
12.50 
3.50 
10.00 | ie 
8.95 | 
4.00 
7.50 | 
6.50 | 
12.50 
9.00 
Ad 


xxii ECONOMIC GEOLOGY 


(Continued from Page xxi) 


BOOKS IN GEOLOGICAL SCIENCE 


PALEONTOLOGY, STRATIGRAPHY, HISTORICAL GEOLOGY (Continued) 


A Textbook of Evolution. By Epwarp O. Dopson. 1952. Pp. 419. Illus. 101 
Evolution Emerging. By W. K.Grecory. 1951. 


The Meaning of Evolution, A Study of the History of Life and its Significance for Man. By G. G. 
Smpson. 1950. Pp. 364. Illus. 


The Origin of Vertebrates. By N.J. 1955. Pp. 257. 
The of Classification and a of Mammals. By G.G.Smmpson. 1945. Vol. 85. 


Horses : the Story of the Horse Family i in the —¥ World Through Sixty Million Years of History. 


Genetics and Evoluti By G. L. Jepsen, Ernst Mayr, and Georce G. Simpson (ed.). 


History of the Primates. 2nd Ed. .~ W. E. Le Gros Ciark, F.R.S. 1950. Pp. 118. 40 text- 


The Book: ‘The Ruling Reptiles and Their Relatives. By E.H.Co.sert. 1951. Pp. 156. 
lus 


On the Origin of Species. By CHantes Darwin. Reprinted 1951 of 1859 Edition. Pp. 426....... 
The Fossil Evidence for Human Evolution. By W. E. Le Gros CLARK. i ee 
Finding Fossil Man. By Ronin Piace. 1957. Pp. 126. Figs. 46. Pl. 63 

Man, the Tool-Maker. 2nd Ed. By K. P. Oaktey. 1950. Pp. 98. 41 text- 
Strange Story of our Earth. By A. H. Verrmt. 1952. Pp. 255. Illus. 72...................... 
The Story of Life. By H. E.L. 1958. American Edition 1. Pp. 263. Illus.... 


The Succession of Life through Geological Time. By K.P. Oaktey and H.M.Mutr-Woop. 2nd Ed. 


Life Through the Ages. By R.W. Burnett. 1947. Pp. 48. 


The Living Rocks. Translated by Jovce Emerson and STaNntey A. Pacock. Photographs by s. 
CELEBONOVic with a commentary by Grorrrey Gricson and a preface by ANDRE MAUROIS. 
1957. Pp. 94.... 


The Search Beneath the Sea. By J. L. B. Sante. 1956. Pp. 260. Illus. 


American Seashells. By R. Rucker 1954. Pp. 541. Figs. 100. Pls. 40............... 
Sea. By Kiaus Gunter and Kurt DecKkerrt. by E. W. 
Introduction to Paleobotany. By A. "ARNOLD. owe 
An Introduction to the Study of Fossil Plants. By Jon WALTON. 1940. Pp. 188. Illus..... 
Procedure in Taxonomy. By E. T. ScHenx and J. H. McMasters. Revised Ed. 1948. Pp. 93. 
Examination of Well Cuttings. By JuLIAN W. Low. 48 Pp. 13 schematic illustrations. 1952..... 


PETROLOGY, SEDIMENTATION 


The Evolution of the Ign Rocks. By N.L. Bowen. With a new introduction by J. F. ScHAIRER. 


Petrol for Students. 8th Ed. HARKER; revised by C. E. Tittey, S. R. Nockowps, 
Guide to the Study of Rocks. a of the Harpers Geoscience Series. By L. E. Spock. 1953. 

A Descriptive Petrography of the Igneous Rocks. 1931-38. By A. JOHANNSEN. 
Vol. I—Introduction, Textures, Classifications, and Glossary. Rev. Ed. 1939. Pp. 318........ 
Vol. 1l—The Quartz-Bearing Rocks. 1932. Pp. 438. Diagrams 9. Photographs 16. Photo- 
Vol. I1l—The Intermediate Rocks. 1937. Pp. 360. Diagrams 4. Photographs 18. Photo- 
Vol. 'V—Part I. The Feldspathoid Rocks; and Part II. The Peridotites and Perknites. 1938. 
Pp. 551. ‘ Diagram 8. hotographs 9. Photomicrographs 95. Portraits 77. Tables 159.. 

Textbook of Petrology. 

Vol. The hed Igneous Rocks. 10th Ed. By F.H.Hatcn,A. K. Wetts,and M. K. 
Vol. 2: The Petrology of the Sedimentary Rocks. 3rd Ed. revised by MAuRIcE Black. 1938. By 
F. H. Hatcm and R. H. RasTaAtt. 1913. Reprinted 1950. Pp. 383. Illus. 75. Tables 15 
Petrography. Part I—Igneous Rocks; Part II—Metamorphic Rocks; Part II1I—Sedimentary Rocks. 
By Howet Wi ttaMs, Francis J. TuRNeER and CHARLES M. GicBert. 1954. Pp. 416. 133 


Microscopic Petrography. E. HEInricw. 1956. Pp. 296. Illus. 70................. 
Gesteine und Minerallagers' , Allgemeine Lehre von den Gesteinen und Minerallagerstaatten. 

By Paut 52. 554. Figs. 181 

Vol. 


(Continued on Page xxiii) 


20.00 
4.00 
3.50 
6.50 
4.00 
7.50 
38S 
6.50 
3.75 
6.00 
7.50 
1.00 
3.75 
3.95 
2s 6d 
. 2.50 
1.00 
6.00 
3.95 
12.50 
3.95 
8.00 
4.75 
3.50 
1.50 
1.85 
| 3.50 
4.50 
6.00 
| 
8.00 
7.00 
10.00 
4.50 
6.75 
8.00 
6.50 
12.00 
12.00 


ADVERTISEMENTS 


(Continued from Page xxii) 


BOOKS IN GEOLOGICAL SCIENCE 


PETROLOGY, SEDIMENTATION (Continued) 


Einfuhrung in die gesteinkunde. By H. Letrmerer. 1950. Pp. 275 
Igneous and Metamorphic Petrology. By F. J. TuRNER and J. VERHOOGEN. 1951. Jae. 490 


The Origin of Metamorphic and Metasomatic Rocks. By HANS RAMBERG. 1953. Pp. 352. Illus 
130 charts, graphs, photographs and line drawings Ss cteaed 


Theoretical Petrology. By T.F.W.BartH. 1952. Pp. 387. Illus. 6x93. 


Introduction to Theoretical Igneous Petrology. By Exnest E. WAHLSTROM. 1950. Pp. 365; numer- 
ous figs. and tables. 


Petrographic Modal Analysis. By Fetix CHAvEs. 1956. “Pp. 113. Figs. 14 


Survey of F. J. Loewtnson-Lessinc translated S.I. ToMKererrF. 1954. 


Petrographic Mineralogy. By Ernest E. WAHLSTROM. 1955. 408. 
Rocks and Rock Minerals. By Louis V. Pirsson and ADoLPpH KNopF. 1947. Pp. 349. Pls. 36 


72 


Figs. 72 
Rocks and Minerals. By Ricuarp M. Peart. 1956. Pp. 275. Pls.12. Figs. 35 


Rocks and Mineral Deposits. By Paut (English Translation we Rosert L. 1954. 
Pp. 572. Figs. 331, tbls. 73 


Les Pegmatites—Les Pegmatit iti By A. E. Fersman. 1951. _ 675. 
Vol. I—Partie Preliminaire. Chaps. 1-10 
Vol. Il—Partie Descriptive. Chaps. 11-18 
Vol. Ill—Partie Generale. Chaps. 19-25... 
The Study of Rocks. 4th Ed. By S.J.SHAND. 1951. Pp. 236...... 
Igneous Minerals and Rocks. By Ernest E. WAHLSTROM. 1947. Pp. 367. Illus.. 


Structural Petrology of Deformed Rocks. 2nd Ed. 2nd Ptg. HAROLD W. FarrBAIRN and 
Cnays. 1954. Pp. 344; numerous figs. and tables : 


Petrography and Petrology. By Frank F.Grovr. 1932. Pp. 52 P 

Igneous Rocks and the Depths of the Earth. 2nd Ed. By REGINALD A. mise. 1933. Pp. 598 
Minerals and Rocks. By Russert D. GeorGe. 1943. Pp. 595. Figs. 150. Pls. 48 
Photomicrography. By CHARLes P. SHittaBer. 1944. Pp. 773. Illus. 291 

Applied Sedimentation. A Symposium edited by Parker D. Trask. 1950. Pp. 707. Illus. 134 
Principles of Sedimentation. 2nd Ed. By W.H. TweNnnoret. 1950. Pp. 673. Figs. 81 
Methods of Study of Sediments. By W. H. Twennoret and S.A. Tyter. 1941. Pp. 183. TIllus.. 
Sedimentary Rocks. 2nd Ed. By Pp.720. Line 173. Pils.40. Photo- 


micrographs 100 
Textbook edition available for classroom use 


Stratigraphy and Sedimentation. By W.C. KrumBein and L.O.Stoss. 1951. ‘Pp. 507. Illus. 123. 
Line Drawing.... 


The and a Antrim ont Bauxites. V. A. Eytes. 1952. Pp. 90 
pls s. 10 


Problems of Clay ont Laterite By AIME. 1952. ‘Pp. 252. AIME 
Nonmembers... . 
Abrasion Hardness. By THomas A. JaGGaR. 1950. Pp. 43. Pl.6. Figs. 5. Tables 7 


to the of Limestones. By J. HARLAN Rev. Ed. 1951. Pe. 
185 us 


An to the Study Rock Balding Algal Limestones. By J. HARLAN Pp. 117. 
us 


Recent Sediments of the Gulf of Paria, Reports of the Orinoco Shelf Expedition. "Vol. L By TH. VAN 
ANDeL and H. Postma. 1954. Pp. 245. Figs. 78. Append.11. Pls. 7. Maps 4. 


Sequence in Layered Rocks. By Rospert R.SHRocK. 1948. Pp. 507 
Manual of Sedimentary Petrography. By KruMBEIN and PeTTIJOHN. 1938. Pp. 549. Figs. 262.. 


The asminstion of apnea Rocks. By F. G. Tickett. New Ed. 1947. ia 154. Line 
drawings 


Micromeritics, The Technology of Fine Particles. Josue M. 1948. 
Pp. 555. Figs. 131.... 


The Rock Book. By C. L. Penven and M. ~ FENTON. 1940. Pp. 376. 48 pp. Photo. 40 ) figs... 
Soil. By G.V. Jacks. 1955. Pp. 221. Pls.10. Figs. 5... 

Factors of Soil Formation. By HANs JENNY. 1941. Pp. 281. 6x9 IIlus..... 

A Bibliography on Meteorites. By HARRISON Brown, Editor. 1953. Pp. 686... 


(Continued on Page xxiv) 


A 
ee 
xxiii 
5.00 
9.50 
10.00 
7.75 
6.50 
2.25 
7.75 
6.00 
12.00 
18.00 
2.25 
6.50 
12.50 
8.00 
11.00 
6.00 
15,00 
7.50 
9.00 
4.50 
12.00 
9.00 
6.50 
42s6d 
4.20 
.. 2.00 
2.00 
2.50 
6.50 
6.50 
5.00 
10.00 
7.50 
5.00 
5.50 
10.00 
dE 


xxiv ECONOMIC GEOLOGY 


(Continued from Page xxiii) 


BOOKS IN GEOLOGICAL SCIENCE 


HISTORICAL AND BIOGRAPHICAL 


Sir James Jeans. A Biography. By E.A. MILNE. 1953. Pp. 4.00 
The Life and Times of Al der von Humboldt, 1769-1859. By Hetmur De Terra. 1955....... 5.75 
The Birth and Development of the Geological Sciences. By F.D.ADAms. 1955. Pp. 511. Illus.91 2.00 
Life of R. A. F. Penrose, Jr. By Heten R. FarRBANKS and P. Berkey. 1952. 
By CARROLL and MiLpreD Fenton. 1952. Pp. 333. 4.00 
The Growth of Physical Science. 2nd Ed. By Str James Jeans. 1951. Pp. 364. Pils. 14....... 3.75 
Evolutionary Thought in America. Edited by Stow Persons. 1950. Pp. 462.................... 5.00 
Giordano Bruno—His Life and Thought. With Annotated Translation of his Work on the Infinite 

Universe and Worlds. By DorotHeA WaLey Sincer. 1950. Pp. 404. Illus................ 6.00 
Pathfinder in American Science. By F. Futon and EvizaBetu H. THomson. ans 

Journal of Research into the Geseen ont Natural History of the Various Countries Visited by H.M.S. 

Beagle. 1952. Pp. 615; pls. 16 (reprint of first edition, Di s«cSvcebeeattnwadd>asgesveet os’ 7.50 
The Lost anne of England. By Maurice Beresrorp. 1954. Pp. 445. Figs. 15. Pils. 16. 

The Bonanza Ghost Towns ont of the West. By Murie: Sipett 1953. 

PHOTOGRAMMETRY, TOPOGRAPHY 

Elements of Cartography. By Artuur H. Ropinson. 1953. Pp. 254. Figs. 186. Tables 38..... 7.00 
Handbook of Aerial Mapping and Photogrammetry. By L.G. Trorey. 1952. 2nded.rev. Pp.80 6.00 
Aerial Photographs and Their Application. By Meas T. U. Smita. 1943. Pp. 372. Figs. 61.... 5.00 
Military Maps and Air y Pesta By Armin K. Lospeck and W. J. TELLinGron. 1944. Pp. 256. 


TECHNICAL DICTIONARY, TERMINOLOGY, THESAURUS 


Composition of Scientific Words. By Wirpur Brown. 1954. Pp. 882................22--00005- 8.00 


Multilingual Mining Metailurgical—Geological— Mineralogical—Petrographical and Petroleum Dic- 
tionary. English-Spanish. French, German, and Russian. By ALEJANDRO NovitzKy. 1951. 


Pp. 369. Sold with Alphabetical Index only ; 12.00 
Alphabetical Index for Mining Dictionary. Spanish, French, German, and Russian. 1958.... 12.00 
German-English and for Scientists. By O. W. Lerpicer and I. S. 

English Technical 2 By Kurt F. (ed. ). Compiled 

English-French and French-English Technical Dictionary. By Francis Cusser. 1946. Pp. 590... 5.00 
Geology and Allied Sciences. A thesaurus and coordination of E: and German terms. Prt. IL. 

German-English. Wacter Hvesner, Ed. Pp. 424. 1939. 7.50 
Dictionary of Scientific Terms. Sth Ed. By Joun H. KennerH. 1953....... 12.50 
Chambers Mineralogical Dictionary. 1948. Pp.87. Col. Pls. 40...... ibiwikwabineekbadet-< 4.75 
The English Technical and Chemical By Lupitta I. 1947. Pp. 
Scientific Russian. By J. W. Perry. 1951. Pp. 845....... 10.00 
Elementary Scientific Russian Reader. By G. A. ZNAMENSKY. 1944. 8 a ee 1.75 
The International Dictionary of Physics and Electronics. By Watter C. MicHELsS. 1956. Pp. 1004 20.00 
Van Nostrand’s Scientific Encyclopedia. By VAN Nostranp. 3rd Edition. 1958. Pp. 1,839..... 30.00 


Concise International Dictionary of Mechanics and Cortegy. By S. A. Cooper. English-French 
German-Spanish wh 


(Continued on Page xxv) 


ADVERTISEMENTS 


— 


(Continued from Page xxiv) 


BOOKS IN GEOLOGICAL SCIENCE 


TECHNICAL DICTIONARY, TERMINOLOGY, THESAURUS (Continued) 
Webster's Geographical Dictionary. 1949. Pp. 1352. 177 maps, 24 color plates......... 
Pocket Dictionary of Meteorology. By Dr. Kart Keit. 1950. Pp. 604 with numerous I 


MISCELLANEOUS 


Beyond the Hundredth Meridian—John Wesley Powell and the Second Opening of the West. By 
WALLACE STEGNER. 1954. Pp. 438. Figs. 12. Maps 7 


Man’s Nature and Nature’s Man. By Lez R. Dick. 1955. Pp. 329..... 5.00 
ston Match My Mountains: The Opening of the Far West 1840-90. By IrvING STONE. 1956. 

Quest for a Continent. By WALTER SULLIVAN. Pp. 5.50 
Man’s Role in Changing the Face of the Earth. Ed. by Wm. L. Tuomas. 1956. Pp. 1193. Illus... 12.50 
Man’s Emerging Mind. By N.J. Berritt. 1955. Pp. 4.00 
Conversation with the Earth. By Hans CLoos. 1953. Pp. 413. Pls. 53. Tables 26............. 5.75 
Man, Time and Fossils. By RurH Moore. 1953. Pp. 411, figs. 71, pls. 62..................... 

Man and His Physical Universe. By RIcHARD WisTAR. 1953. Pp. 488. Illus. 300.. 


The Philosophy of Science (the link between science—philosophy). By Purtrpp Frank, 1957. 

Psychical Physics. By S.W. Tromp. 1949. Pp. 534. Illus. 8.00 
Guide to Geologic Literature. By RicHarD M. Peart. 1951. Pp. 239................ 5.50 
Fundamentals of Earth Science. By Henrxk D. THompson. 1947. Aa 4.00 


The Earth We Live On. 


The Earth Beneath Us. By H. H. SwInnerrTon. 


Geology and Ourselves. By F.H. Epmunps. 1956. Pp. 256. Pils. 12. 


in Anthropology. E. ADAMson Jesse D. Jennincs, and ELmer R. 1955. 
p. 417 


Line drawings 15........ 10.00 


Symphony of the Earth. By J. H.F. Umspcrove. 1951. Pp. 220. Pls. 10. Figs. 123............ 5.00 
Readings in the Physical Sciences. By Hartow Suaptey (ed.). 1948. Pp. 501................. 3.00 
The Sea Around Us. By R.L. Carson. 1951. Pp. 230. 3.50 
This Great and Wide Sea. Rev. Ed. By R.E.Coxker. 1949. Pp. 344. PI.91. Figs.23....... 6.00 
Volcanoes Declare War. By THomas A. JAGGAR. 1945. Pp. 166. PI. 32. Figs. 34............. 4.85 
Volcanoes New and Old. By Mrs. Satis N. COLEMAN. 1946. Pp. 234. 4.75 
Rocks and Rivers of North America. By E.tis W. SHULER. 1945. Pp. 300..................... 4.00 
Engineeringin History. By RicHarp S. Krisy, SIDNEY WITHINGTON, ARTHUR B. DARLING, FREDERICK 

The Caves Beyond: The Story of the Floyd Collins’ Crystal Expedition. By Jom Lawrence, Jr., and 

The Earth and the Stars. 2nd Ed. By C.G.Apporr. 1946. Pp. 288. Illus................... 5.50 
This Earth of Ours—Past and Present. By Cates W. Wore. 1950. Pp. 384. Illus............ 5.00 
The Face of the Moon. By R. B. BALDwin. 1949. Pp. 226. Illus................-00.cccccceee 5.00 
Relativity for the Layman. By James A. COLEMAN. 1954. Pp. 131. Figs. 24............... 2.75 
Measuring Our Universe. By O.J. Lee. 1950. Pp. 170. Illus. 3.25 


The Religion of the Modern Scientist. By Dr.S.W.Tromp. 1951. Pp. 480. Illus.113. Tables 3 5.50 


Writing Principles and Applications. By Rosert E. and C. A. Brown. 
1956. Pp. 635 


Address Economic GroLocy, Urbana, IIl. 


Surveys and those of the Geological Society of America) will be furnished at Publisher's prices. 
more extended lists in volume 50. 


Books not in this list (except the publications of official 


Also consult 


Writing the Technical Report. 3rd Ed. By J. R.Netson. 1952. Pp. 388.................005. 4.50 
French Bibliographic Digest: Science, Geology (2). Bibliographical Digest of French geological books | 
and articles published from 1948 to 1954. Pp. 102 (The Cultural Division of the French Embassy, 
972 Fifth Avenue, New York 21, N. Y. free of charge)... 0.00 


Economic Geology Publishing Company will also attempt to secure past volumes of domestic and foreign 
geological journals and similar publications when contained in our file listings of secondhand book dealers. 


Special correspondence in search of material however can not be undertaken. 
— 


xxv 
7.00 
| 
Down to Earth, a Practical Guide to Archaeology. By Rosin Place. Pp. 173. Figs. 88.......... 7.50 
ory 


